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INTRODUCTION 
Intermediate filaments have only been recognized as a distinct structural 
feature of the smooth muscle cell for about ten years. Prior to this time, little 
was known about the structure of the contractile apparatus of smooth muscle, 
even though the sliding filament model for contraction of striated muscle had 
been worked out much earlier by H. E. Huxley and others (Huxley, 1969). 
The early inability of microscopists to adequately visualize the contractile 
filaments of smooth muscle was due both to the relatively unorganized arrange­
ment of the filaments within the cell and to the lability of the filaments during 
fixation of the tissue for electron microscopy. It has recently become apparent 
that the contractile apparatus of smooth muscle, like that of striated muscles, 
consists of an interdigitating array of thin, actin-containing filaments, and 
thick, myosin-containing filaments, which run approximately parallel to the 
long axis of the cell. The thin filaments are attached, not at highly organized 
Z lines as in striated muscles, but at specialized areas along the inner surface 
of tfie plasma membrane, and possibly to amorphous, densely-staining areas within 
the cells that are called dense bodies. The intermediate filaments, so named 
because their 10-nm diameter is intermediate between the diameters of the thick 
(12-14 nm diameter) and thin (6-8 nm diameter) myofilaments, make up a three-
dimensional network which runs between the intracellular dense bodies and the 
attachment plaques on the plasma membrane. The function(s) of the intermediate 
filaments is not completely understood, but it is thought that they form a 
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cyloskelelon, which acte to maintain the integrity of the cell and to transmit the 
forces of contraction throughout the cell. 
Intermediate filaments are resistant to extraction by aqueous solvents at 
neutral pH, but are very susceptible to proteolytic digestion. A subunit protein 
of molecular weight 55,000 has been suggested by Small and Sobieszek (1977a) 
to be the major protein comprising these filaments. This protein has been 
purified by a procedure that involves extraction of the relatively insoluble 
filaments with acetic acid. They have been able to form synthetic lO-nm filaments 
from the acetic acid extract by raising the pH to 4. Other laboratories, including 
ours, have had difficulty in obtaining purified protein using similar procedures. 
The names "skeletin" and "desmin" have both been proposed for the 55,000 
da I ton protein. I will use desmin, the name suggested by Lazarides and Hubbard 
(1976), to refer to this protein. Only a limited number of biochemical properties 
of desmin have been reported, almost no quantitative information is available on 
the conditions necessary for formation of filaments from the purified protein, and 
some investigators presently think that intermediate filaments are comprised of 
both desmin and actin. A reliable method for obtaining a purified preparation of 
desmin which is capable of polymerizing into 10-nm filaments at physiological pH 
and ionic strength has not been reported. Development of an in vitro system for 
study of filament formation should add greatly to the knowledge of the filaments 
and their structure, much as similar in vitro systems hove increased the knowledge 
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of actin and myosin filaments and microtubules. 
The possible interactions of intermediate filaments with other structures 
in the cell have not been examined biochemically. In fact, the difficulties 
associated with purification of desmin free from actin have led some investigators 
to conclude tfiat desmin binds directly to actin, but solid evidence for a specific 
interaction is absent. The manner in which the intermediate filaments are 
associated with the plasma membrane and intracellular dense bodies is entirely 
unclear at present. It is not known whether intermediate filaments enter into 
dense bodies, or if they surround, but do not penetrate, the dense body structure. 
Dense bodies appear to be Hie smooth muscle analogs of skeletal muscle Z lines, 
because they contain the Z-line protein, u-actinin, and because they serve as 
attachment sites for filaments, in cardiac muscle, intermediate filaments have 
been found in close association with Z lines in electron microscope and immuno­
fluorescence experiments. Immunofluorescence studies using antibodies to smooth 
muscle desmin have also shown localization of desmin at the Z line in vertebrate 
skeletal muscle. A better understanding of the interaction of desmin with other 
myofibrillar proteins may lead to a greater understanding of the structure of 
Z lines and dense bodies. 
During the same time period that intermediate filaments have become 
recognized as elements of the fibrillar network in muscle cells, morphologically 
similar filaments have been identified in many cell types. It now appears likely 
that 10-nm diameter filaments are present in all animal cells. In particular. 
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these filaments, ranging in diameter from 7-11 nm, have been described in 
neurons, glial cells, fibroblasts, macrophoqes, epithelial cells, vascular 
endothelial cells and several normal and transformed cell types grown in culture. 
The filaments have been given a variety of names, including intermediate 
filaments, lO-nm (100-A) filaments, I en to filaments, decifilaments, glial 
filaments (glial cells), neurofilaments (neurons), ond tonofilaments or keratin 
filaments (epithelial cells). Several investigators have reported attempts to 
determine the protein composition of these various filaments and the immuno­
logical cross-reactivity of these filament proteins. With the notable exception 
of neurofilament protein, the protein subu lits of the several 10mm filament 
classes all have molecular weights in the range of 45,000 to 60,000, and all 
have fairly similar amino acid compositions. The structural relationship of 
muscle intermediate filaments to the other classes of 10-nm filaments has not 
been determined. 
The study of intermediate filaments, from both structural and biochemical 
points of view, has only just begun. The brood objective of this study was to 
increase our understanding of the structure and function of smooth muscle 
intermediate filaments, using both biochemical and ultrastructural techniques. 
The study was limited to a study of desmin isolated from a single source, avian 
(turkey gizzard) smooth muscle. The specific objectives of the study were: 
1. Development of a reproducible procedure for obtaining significant 
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quantities of purified desmin, free of actin, to permit more detailed biochemical 
and structural studies; 
2. Examination of a limited number of biochemical properties of purified 
desmin; 
3. Determination of conditions necessary for self-assembly of purified 
desmin into synthetic 10-nm filaments, which should provide a well-defined 
system for study of intermediate filaments by other investigators; 
4. Examination of the structure of the filaments, primarily by electron 
microscopy, and to a lesser extent by circular dichroism and X-ray diffraction, 
in order to provide a structural basis for comparison of muscle intermediate 
filaments to lOnm filaments in other cell types; 
5. Localization of desmin in gizzard, cardiac and skeletal muscles by 
immunofluorescence microscopy; and, 
6. Examination of the interaction of purified desmin with the myofibrillar 
proteins actin, tropomyosin and tt-actinin, proteins which, on the basis of 
previously reported structural and biochemical studies of smooth muscle, might 
reasonably be expected to interact with desmin. 
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LITERATURE REVIEW 
Because the study of intermediate filaments in vertebrate smooth muscle is 
directly related to previous studies on the molecular architecture of the smooth 
muscle cell/ the first two sections of this review will deal with the ultrastructure 
of vertebrate smooth muscles and biochemistry of the smooth muscle contractile 
proteins, respectively. These sections are not a comprehensive review of these 
subjects, but they should adequately familiarize the reader with current 
knowledge in these fields. The final three sections cover the studies which have 
been done on intermediate filaments in smooth muscle, striated (skeletal and 
cardiac) muscles, and nonmuscle cells, respectively. Comparisons between 
intermediate filaments in muscle and nonmuscle cells will be reserved for the 
final section. This review deals primarily with vertebrate systems, and the 
muscle systems described refer to vertebrate muscles unless indicated otherwise. 
Smooth Muscle Structure 
Smooth muscle cells are elongated, spindle-shaped cells of variable length 
(20-200^m), depending upon the muscle origin. The cells have a centrally 
located nucleus, with the majority of the cytoplasmic organelles (mitochondria, 
Golgi apparatus, etc.) located at opposing poles of the nucleus (Shoenberg 
and Needham, 1976). Numerous invaginations of the plasma membrane, known 
as surface vesicles or caveoli, can be seen in close apposition to the membranes 
of the sarcoplasmic reticulum (Devine et al., 1971). These structures are 
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+2 involved in fhe activation of contraction by release of Co into the sarcoplasm 
(Somlyo and Somlyo, 1976). Each cell is covered by a thick basement membrane 
which includes a fine network of collagen and elastin fibrils. In certain limited 
areas, the basement membrane is absent, and the cells are connected by tight 
junctions. Other specialized areas of mechanical attachment, such as attach­
ment plaques, also occur, although typical desmosomes have been described only 
in chicken gizzard smooth muscle (Shoenberg and Needham, 1976). Smooth 
muscles are innervated by the autonomic nervous system, and are thus under 
involuntary control. Furthermore, contraction can be initiated by hormonal 
stimulation or in response to stretch, depending upon the muscle in question. 
The contractions of smooth muscle are generally much slower than those of 
striated muscle, but smooth muscles are able to maintain tension over prolonged 
periods of time. 
At the light microscope level, the contractile apparatus of the smooth 
muscle cell appears rather featureless or "smooth." No regular banding 
pattern such as that seen in striated muscles is evident. Instead, the cells 
exhibit birefringence over their entire length. At the ultrastructural level, 
the contractile apparatus is visible as a system of interdigitating filaments that 
run approximately parallel to the long axis of the cell (Bois, 1973; Ash ton 
et al., 1975). The organization and structure of the filaments have been 
matters of controversy until recently (see Shoenberg and Needham, 1976, for 
review). At present, both thin, actin-containing filaments and thick. 
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myosîn-containing fîlameniî, functionally analogous to their striated muscle 
counterparts, are recognized as components of the smooth muscle contractile 
apparatus. A third class of filaments, the intermediate or 10-nm filaments, 
appears to make up a structural or "cytoskeletal" network within the cells 
(Cooke and Chase, 1971; Cooke, 1976; Small and Sobieszek, 1977a). A 
review of the structural and biochemical information available on the 
intermediate filaments will be given later. 
The thin filaments of smooth muscle appear to be similar to the thin filaments 
of skeletal muscle (Hanson and Lowy, 1963). They have been identified as actin 
filaments on the basis of labeling with the S-1 subfragment of myosin (Somlyo 
et al., 1977) and by X-ray diffraction (Elliot and Lowy, 1968). They range 
in diameter from five to eight nm, and are consistently seen under a wide 
variety of fixation conditions (Somlyo et al., 1973). Tropomyosin is present 
in the two grooves of the actin helix, and the movements of tropomyosin which 
occur during contraction of skeletal muscle have also been described in smooth 
muscle, on the basis of X-ray diffraction data (Hoselgrove, 1975). The thin 
filaments of rabbit vascular smooth muscle average 1.5^m in length (Ashton 
et al., 1975), which is longer than the 1 ^m average length of vertebrate skeletal 
muscle thin filaments. However, filament length may vary in different smooth 
muscles, and no other reliable measurements have been reported. 
The existence and form of the thick filaments in smooth muscle have been 
major sources of controversy, presumably due to the lability of the myosin filament 
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structure during fixation of the tissue for electron microscopy (Fay and Cooke, 
1972; Somlyo et al., 1973; Small, 1977a). It is presently accepted that thick 
filaments, 14-18 nm In diameter, are the structural form of smooth muscle myosin 
in vivo. The large ribbon-shaped myosin filaments, 10 nm thick, 50 nm wide 
and up to 5^m long, that were described by Lowy and Small (1970) and by 
Small and Squire (1972) were probably artifacts induced by subjecting the 
tissue to excessive stretch or hypertonic solutions prior to fixation (Somlyo et al., 
1977). Filament lengths ranging from 2.2^m (Ashton et al., 1975) up to 
8^m (Small, 1977b) have been reported for the 14-18 nm diameter thick filaments. 
The exact structure of the myosin filaments in vivo is yet to be elucidated, 
but it is clear that the mode of packing of the myosin molecules is substantially 
different from that of striated muscle thick filaments, since the smooth muscle 
myosin filaments do not have the central bare zone that is present in their 
skeletal muscle counterparts (Ashton et al., 1975; Small, 1977b). 
The thick filaments in smooth muscle are not randomly arranged, as was 
once thought, but rather they exist in a fairly regular lattice having a spacing 
of approximately 60-80 nm as determined by optical diffraction analysis of 
cross sections of rabbit vascular muscle (Rice et al,, 1971). Each thick 
filament is surrounded by an array of 11 to 15 thin filaments (Bois, 1973; 
Ashton et al., 1975), in contrast to the six thin filaments arranged in a 
hexagonal pattern oround each skeletal muscle thick filament (Huxley, 1969). 
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The thick filaments also appear to be longitudinally ordered into groups of three 
to five filaments which are laterally aligned (Ashton et al,, 1975). These 
groups of thick filaments may correspond to the fibrils seen by phase-contrast 
microscopy of isolated smooth muscle cells in rigor (Small, 1977a). 
The thick filaments appear to be free within the smooth muscle cell/ 
i.e., they are not anchored at either end. However, the actin filaments are 
anchored at specific, densely staining areas along the plasma membrane (Bois, 
1973; Small, 1977a,b; Somlyo etal., 1977). These specialized membrane 
structures have been referred to as membrane-associated dense bodies or attach­
ment plaques. These structures appear to be smooth muscle analogs of skeletal 
muscle Z lines, since both attachment plaques and Z lines serve as anchoring 
sites for thin filaments (Ashton et al., 1975). This analogy has been confirmed 
in part by the observation that the protein t^-actinin, which is found in striated 
muscle Z lines, has been localized in the attachment plaques by specific 
antibody staining (Schollmeyer et al., 1976). In the some study, tt-actinin, as 
well as tropomyosin, was localized in the cytoplasmic dense bodies, densely-
staining, amorphous structures approximately 100 nm in diameter (Somlyo et ai., 
1977),which appear to be "free-floating" within the cytoplasm. Several 
investigators have shown that these intracellular dense bodies also serve as 
attachment sites for actin filaments (Rice and Brady, 1973; Bois, 1973; Somlyo 
etal., 1973). More recently, Ashton etal. (1975) have demonstrated, both 
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by analysis of serial cross sections and by intermediate high voltage stereo 
electron microscopy that groups of actin filaments penetrate most, if not all, 
of these dense bodies. This report, in combination with the localization of 
tt-actinin in the dense bodies, offers persuasive evidence that these structures 
also serve as Z-line analogs in smooth muscle cells. Intermediate filaments 
are aisc associated with dense bodies; but, as will be discussed later, the mode 
of attachment of these filaments is unclear. Cooke (1976) and Small (1977a,b) 
maintain that the intracellular dense bodies are not associated with thin filaments, 
but serve only as attachment sites for intermediate filaments. The reason for the 
inability of these authors to see attachment of actin filaments to intracellular 
dense bodies is not obvious, and it is also possible that more than one class of 
dense bodies is present in the smooth muscle cell. However, at present, the 
evidence clearly supports the hypothesis that at least some of the dense bodies 
serve as attachment sites for thin filaments in smooth muscle. 
In summary, the contractile apparatus of smooth muscle consists of an 
interdigitating array of thick and thin filaments, with the thin filaments attached 
to dense bodies and to the cell membrane at attachment plaques. This structure 
is functionally analogous to the skeletal muscle myofibril, and is compatible 
with the sliding filament mechanism for contraction. Exactly how the intermediate 
filaments are arranged, and how they support and influence the contractile 
apparatus are not clear. 
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Biochemistry of Smooth Muscle Contractile Proteins 
Biochemical studies on smooth muscle contractile proteins have been done 
on a wide variety of smooth muscles from different sources, and these data have been 
recently reviewed by Hartshome and Aksoy (1977) and Murphy and Megerman 
(1977). In general; the biochemical properties of the smooth muscle contractile 
proteins are similar to those of skeletal muscle. However, several distinct 
differences are apparent, including a much higher ratio of actin to myosin in 
smooth muscle actomyosin (Cohen and Murphy, 1978), a lower level of actomyosin 
ATPase activity (Hartshome and Aksoy, 1977), differences in the solubility of 
the contractile proteins at low ionic strength (Homoir, 1973), and a differing 
4-9 primary site for Co control of contractile activity (GSrecka et a!., 1976; 
Chackoetal., 1977; Sobieszek and Small, 1977). Some of these differences 
can now be explained by a brief examination of the properties of the individual 
contractile proteins. 
Actin isolated from smooth muscles appears to be similar to actin from 
skeletal muscles on the basis of amino acid composition (Homoir, 1973) and 
peptide maps (Gosselin-Rey et al., 1969). Smooth muscle actin also activates 
the Mg'^^-dependenr ATPase activity of skeletal muscle myosin, but to a lesser 
degree (about 60%) than skeletal actin (Suzuki et al1978). The rate of 
polymerization of smooth muscle G-actin to F-actin is considerably slower 
than that of skeletal muscle actin (Carsten, 1965). The cellular content of 
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actin in smooth muscle cells is much higher thon in skeletal muscle (Cohen and 
Murphy, 1978), corresponding to the much greater ratio of thin to thick filaments 
observed in smooth muscles. 
Recent isoelectric focusing studies conducted in tfie presence of urea have 
demonstrated the presence of three isoelectric variants of actins isolated from o 
wide variety of muscle and nonmuscle cell types (Garrels and Gibson, 1976; 
Whalen etal,, 1976; Rubenstein and Spudich, 1977; Zechel and Weber, 1978). 
These variants have been designated as (y-, and y- in order of decreasingly 
acidic isoelectric pH values. tt-Actin is found only in striated (skeletal and 
cardiac) muscle cells whereas and y-actins are found in varying ratios in 
nonmuscle cells (Garrels and Gibson, 1976; Rubenstein and Spudich, 1977). 
Smooth muscle (chicken gizzard) octin migrates in isoelectric focusing gels 
primarily as the y -variant, with a small amount (approximately 10 to 15 
percent) of ^ -actin component present (Rubenstein and Spudich, 1977; 
Zechel and Weber, 1978). However, in an SDS-urea gel electrophoresis system, 
gizzard actin comigrates with skeletal muscle actin, with a mobility slightly 
less than that of brain and thymus actins (Zechel and Weber, 1978). This 
would indicate that the gizzard actins are not identical to those actin variants 
present in nonmuscle cells. Recently reported partial amino acid sequence data 
(Vandekerckhove and Weber, 1978a,b) have provided a chemical basis for the 
isoelectric focusing observations. tt-Actin from rabbit or bovine skeletal muscle 
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has the N-terminaI sequence acetyl-Asp-Glu-Asp-Glu-, while and y-actins 
from bovine thymus and bovine brain have the amino-terminal sequences acetyl-
Asp-Asp-Asp-Ile and acetyI-Glu-G!u-Glu-Ile, respectively. The remainder 
of the sequences of the nonmuscle actins are very similar, and differ from the 
muscle actin in at least 28 positions in the sequence. However, all of these 
additional substitutions involve uncharged amino acids, and thus the differences 
observed in isoelectric focusing can be ascribed to the differences in the sequence 
at the N-terminus. The major component of chicken gizzard actin (y-actin) 
was shown to have the same N-terminal sequence as cytoplasmic y-actin, 
thus accounting for its migration in isoelectric focusing experiments, but the 
remainder of the sequence is remarkably more similar to muscle (x-actin than to 
the nonmuscle variants. 
Although several authors have reported that purified actin from smooth 
muscle is predominantly the y-variant (Garrels and Gibson, 1976; Rubenstein 
and Spudich, 1977; Zechel and Weber, 1978), Izant and Lazarides (1977) have 
reported that ^-actin makes up the majority of the actin extracted from chicken 
gizzard in buffered 0.6 M KCl, a solution which purportedly extracts most of the 
actomyosin in the thick and thin filaments, y-Actin would thus remain insoluble 
along with the intermediate filament network. This discrepancy has yet to be 
resolved, but will be addressed in the Results and Discussion sections of this 
dissertation. 
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Smooth muscle myosins are similar to skeletal myosins in molecular weight 
and overall three-dimensional structure (Cohen etaL, 1961; Hamoir, 1973). 
However, smooth muscle myosin can be distinguished on the basis of amino acid 
analysis (Hamoir, 1973; Leger and Focant, 1973), peptide mapping (Groshel-
Stewart, 1971), resistance to proteolysis (Bailin and Barony, 1971), and antibody 
cross-reactivity (Groshel-Stewart, 1971). Smooth muscle myosin generally 
exhibits a lower specific ATPase activity than skeletal muscle myosin under a given 
set of experimental conditions, and the actin activation of myosin ATPase activity 
is also significantly less (Hartshome and Aksoy, 1977). Kinetic studies on the 
gizzard actomyosin ATPase reaction (Marston and Taylor, 1978) indicate that 
ATP hydrolysis follows the same kinetic pathway as that determined for skeletal 
actomyosin, but with a significantly lowered which correlates well with 
the slower rate of contraction of smooth muscle. A significant fraction of smooth 
muscle actomyosin can be extracted at low ionic strength (Hamoir, 1973), although 
the solubility of the individually purified proteins is similar to that of skeletal 
octomyosin. This result is thought to reflect the greater instability or lack of 
organization of actin and myosin filaments in the smooth muscle cell (Murphy 
and Megerman, 1977). 
Tropomyosin and CK-actinin are also constituents of the smooth muscle 
contractile apparatus. Smooth muscle CK-actinin appears to be similar to its 
skeletal counterpart (Robson etal., 1974; Suzuki eta!., 1976). Smooth muscle 
tropomyosin has been shown to be significantly different from skeletal tnapomyosin 
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both chemically and immunologically (Cummins and Perry, 1974), although smooth 
muscle tropomyosin can form a Ca^^-regulated complex with skeletal actomyosin 
and skeletal troponin (Carsten, 1968). Gizzard and vascular smooth muscle tropo­
myosins consist of two subunits, u and with molecular weights of 36,000 and 
38,000, respect ively,  as determined by SDS-gel  electrophoresis (Murphy et  a l . ,  
1974; Driska and Hartshome, 1975). The native molecule is a dimer, and in 
gizzard tropomyosin the subunits ore distributed as approximately equal populations 
of aa and/8)8 dimers (Strasburg and Greaser, 1976). Earlier reports suggested 
that smooth muscle contains a much greater amount of tropomyosin than skeletal 
muscle. However, Murphy et al. (1974) and Cohen and Murphy (1978) have 
shown that the molar ratio of tropomyosin to actin in a variety of smooth 
muscles is about six to one, which is close to the expected ratio if all of the 
tropomyosin is bound to actin in the thin filaments. Thus, the large amount of 
tropomyosin in smooth muscles reflects the large number of actin filaments present 
in these cells. Smooth muscle tropomyosin has a two to three fold activating effect 
on the ATPase activity of both smooth and skeletal actomyosin preparations 
(Phillips, 1976; Sobieszek and Small, 1977). The significance of this observation 
is presently unknown, because tropomyosin appears to have no direct role in the 
Ca'^^-control of contraction in smooth muscle. 
In both skeletal and smooth muscles, contraction is initiated by an increase 
in the intracellular calcium concentration from about 10"^ M to 10"^ M. In 
vertebrate skeletal muscle, the primary site of Ca"'"^-control is thought to reside 
17 
in the troponin molecule (Szent-Gyorgyi, 1975). Ca^^-binding to a subunît of 
the skeletal muscle troponin molecule reverses the inhibition of the actin-myosin 
interaction due to the troponin-tropomyosin complex. Several investigators have 
attempted to identify and isolate a molecule from smooth muscle with subunit 
molecular weights and properties similar to those of skeletal muscle troponin 
(Sparrow and Van Bockxmeer, 1972; Bremel, 1974; Driska and Hartshome, 1975; 
Sobieszek and Bremel, 1975), but these attempts were unsuccessful. Although 
some investigators still favor the presence of troponin or a troponin-like, thin 
filament-linked Ca -regulation system in smooth muscle (Ebashi et al., 1975; 
I to et al., 1976; Head etal., 1977; Mikawa et al., 1978), the weight of 
evidence presently favors the presence of a myosin-l inked Ca"^^-regulatory 
mechanism in smooth muscle, as first demonstrated by Bremel (1974). in contrast 
to the myosin-linked calcium regulation present in invertebrate muscles, wherein 
+2 4*2 the primary event in Ca -activation appears to be direct binding of Ca ions 
to the myosin molecule (Szent-Gyorgyi, 1975), in vertebrate smooth muscle 
the primary event is binding of Ca^^ ions to a specific, calcium-activated, 
myosin light chain kinase. Phosphorylation of the 20,000-dalton light chain 
follows, and results in activation of actomyosin ATPase activity (Gorecka et al., 
1976; Chacko etal., 1977; Sobieszek and Small, 1977). The kinase consists of 
two subunits, one of which is the 16,000-dalton, calcium-binding protein 
calmodulin (Dabrowska et al., 1978). The phosphatase, which is necessary for 
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removal of the phosphate and relaxation in this system, has not been 
characterized. To date, Ca^^-activation via phosphorylation of myosin has 
been demonstrated in chicken gizzard (Gorecka etal,, 1976), guinea pig vas 
deferens (Chacko etal., 1977) and hog stomach (Small and Sobieszek, 1977b) 
smooth muscles; and, thu% appears to be the general mechanism for Ca^^-control 
in vertebrate smooth muscle. 
Examination of myofibril preparations from smooth muscle by SDS-poly-
acrylamide gel electrophoresis shows the presence of three additional proteins 
(besides myosin, c^-actinin, actin and tropomyosin) with molecular weights 
of 220,000, 130,000 and 55,000 (Sobieszek and Bremel, 1975), The 220,000 
protein is probably filamin, a high molecular weight, actin-binding protein 
which makes up about six percent of the protein in chicken gizzard muscle 
(Wang, 1977). Labelled antibodies to filamin bind to a filamentous network in 
embryo gizzard cells (Wang et al., 1975), but the nature of the filament network 
involved and the function of this protein is unclear. Even less is known about the 
130,000-daiton component. Driska and Hartshome (1975) reported preliminary 
studies on a 130,000-daiton component which they isolated from gizzard muscle. 
This component appeared to be associated with the thin filaments and to be 
involved in inhibition of actomyosin ATPase activity, but this protein has yet to be 
purified and characterized to any significant degree. The 55,000-dalton component 
of smooth muscle myofibrils is a subunît protein cf the intermediate filaments, as 
will be discussed in the following section. 
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Intermediate Filaments in Smooth Muscle 
The morphology of the intermediate filament network In smooth muscle was 
first definitively described by Uehara et al. (1971 ) in an electron microscope 
study of both developing and adult smooth muscles. The details of the structure 
have been confirmed by several investigators (Cooke and Chase, 1971; Cooke 
and Fay, 1972; Rice and Brady, 1973; Somlyo etal., 1973; Ashton et ol., 1975; 
Cooke, 1976; Small and Sobieszek, 1977a). Intermediate filaments exhibit o 
regular diameter of about 10 nm (range 8-11 nm), and a length of up to 5/im 
(Uehara et al., 1971). They appear randomly oriented with respect to the long 
axis of the cell, and are often seen In close association with dense bodies and 
membrane attachment plaques. The filaments are highly resistant to extraction at 
high ionic strength, where most of the myofibrillar proteins are solubillzed (Cooke 
and Chase, 1971), and at low ionic strength at neutral pH (Small and Sobieszek, 
1977a). In cross section, they are easily seen in the areas surrounding dense bodies, 
and they exhibit a generally circular profile with a less electron-dense central 
core (Uehara etal., 1971; Shoenberg, 1973; Somlyo etal., 1973). Small and 
Squire (1972) described 10-nm filaments In gizzard muscle with a square cross-
section consisting of four subunits, but this report has not been confirmed by other 
Investigators. 
The function of the Intermediate filaments is unknown, but several experiments 
suggest that they form an Inelastic, three-dimensional network which functions as a 
cytoskeleton. Cooke and Fay (1972) examined guinea pig taenia coll fibers fixed 
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under various conditions of stretch, and observed that the dense bodies and inter­
mediate filaments, which ore randomly arranged in cross sections of normal, 
unstretched muscle fibers, converged to a central position in stretched fibers. 
On the basis of this observation, the authors suggested that the intermediate 
filaments, in combination with the dense bodies, form an inelastic, cytoskeletal 
network, anchored to the plasma membrane at both ends of the cell. This 
hypothesis requires that the intermediate filaments are attached to the dense 
bodies. Several investigators have reported an association between intermediate 
filaments and dense bodies (Somlyo et al., 1973; Ashton et al., 1975; Cooke, 
1976; Small, 1977b), but the details of this association are not clearly understood 
at present. Ashton, Somlyo and Somlyo (Ashton et al,, 1975) maintain, on the 
basis of electron microscope observations of conventional, sectioned material, 
and of serial sections through entire dense bodies, as well as on ifie basis of 
intermediate high voltage stereo electron micrographs, that the intermediate 
filaments surround the dense bodies, but do not actually penetrate the amorphous, 
densely staining structure of the intracellular dense bodies. On the other hand, 
Cooke (1976) has shown that intermediate filaments do penetrate the dense bodies, 
by electron microscope observation of serial sections of intact muscle and exam­
ination of sectioned and negatively stained preparations of isolated dense bodies. 
At present, not enough information is available on the fine structure of dense bodies 
and on the biochemical interactions of intermediate filaments with the protein 
components of the dense bodies to preclude either of these possibilities concerning 
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the mode of attachment of intermediate filaments to dense bodies. 
Evidence demonstrating that the intermediate filaments are not directly 
involved in muscle contraction was provided by Small and Sobieszek (1977a). 
These authors examined individual, isolated guinea pig taenia coll cells which 
had been briefly treated with crude collogenase in the presence of the detergent 
Triton X-100. Although this treatment abolished the intermediate filaments, 
presumably due to digestion by the crude collagenase, the cells were able to 
contract in the presence of ATP. Thus, a cytoskeletal function is presently the 
most likely possibility for the intermediate filament network. This hypothesis is 
also supported by several studies on intermediate filaments found in other muscle 
and nonmuscle cells, as will be discussed later. 
Studies on the composition of the intermediate filaments began with the 
observation that intermediate filaments remain insoluble during extraction of 
actomyosin at high ionic strength (Cooke and Chase, 1971). Electron microscope 
examination of an actomyosin-extracted residue revealed the presence of large 
numbers of intermediate filaments and dense bodies in such preparations (Cooke 
and Chase, 1971; Schollmeyer et al., 1976). Electrophoresis on SDS-gels 
demonstrated an increased amount of a 55,000-dalton protein in the residue, in 
comparison with the amount seen in the original myofibril preparations (Cooke, 
1976; Schollmeyer et al., 1976). Significant amounts of actin, (%-actinin and 
myosin, as well as smell amounts of other unidentified proteins, also remain in the 
residue after extraction. In an attempt to determine which of these components was 
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the major structural protein of the intermediate filaments, Schollmeyer et al. 
(1976) subjected an actomyosin-extracted residue to on additional, two day 
extraction with a low ionic strength soluHon (2 mM Tris, pH 7.6). Such low ionic 
strength extractions had been previously shown to remove most of the amorphous, 
densely staining material from smooth muscle dense bodies (Rice and Brady, 1973) 
and from skeletal muscle Z lines (Stromer etal., 1967). Gel electrophoresis of 
the low ionic strength extract revealed that most of the actin, tt-actinin and 
myosin were extracted, leaving the majority of the 55,000-dalton protein in the 
residue. Antibodies mode to the small amount of the 55,000-dalton protein that 
was extracted at low ionic strength, and then purified by preparative SDS gel 
electrophoresis, specifically bound to the intermediate filaments in the residue. 
This indicated that the 55,000-dalton protein was a component of the intermediate 
filaments. 
Cooke (1976) also characterized the residue remaining after ack)myosin 
extraction of smooth muscle by solubilizing the intermediate filaments with 6 to 
8 M urea. A majority of the 55,000-dalton protein was also extracted by this 
procedure. Removal of the urea by dialysis resulted in formation of short filaments 
approximately 10 nm in diameter. Additional purification was obtained by ammonium 
sulfate fractionation of the urea extract, but suitable conditions for formation of 
filaments from this partially purified preparation were not found. Cooke (1976) 
also observed that the partially purified 55,000-daltcn protein did not co-
migrate with purified brain tubulin on SDS-polyacrylamide gels, thus indicating 
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that the intermediate filament protein was distinct from tubulin. 
Small and Sobieszek (1977a) have developed a procedure for obtaining a 
purified preparation of the 55,000-dalfDn protein from actomyosin-extracted 
chicken gizzard or hog stomach myofibril preparations. These investigators used 
a somewhat different actomyosin extraction procedure than that used by Cooke 
(1976), and included a final extraction with IM KI, to remove more of the actin 
and myosin from the residue. Gel electrophoresis of this remaining residue showed 
that it consisted primarily of actin and the 55,000-dalton protein. Examination of 
isolated cells that had been extracted by this procedure revealed a complex net­
work of intermediate filaments, with some residual Gctin filaments. Further 
extraction of this residue with IM acetic acid preferentially extracted the 55,000-
dalton component, resulting In a fairly pure preparation of this protein. This 
purified protein reassembled into approximately 10-nm diameter filaments after 
dialysis against 10 mM Na-acetate at pH 3.8-4.0, indicating that this protein is 
a major structural component of smooth muscle intermediate filaments. No data 
was given relative to yields of purified protein, amounts of protein which were 
capable of filament formation, and behavior of the purified protein at or near 
neutral pH. An amino acid analysis of this protein purified to homogeneity by gel 
filtration in the presence of SDS indicated a high content of acidic amino acids, 
especially glutamic acid, and similarity to intermediate filament proteins prepared 
from glial and nerve cells. Small and Sobieszek (1977a) suggested the name 
"skeletin" for this 55,000-dalton protein. 
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Concurrent studies by Lazarides and Hubbard (1976) also indicated an 
increase in the amount of a protein with a molecular weight of 50,000 in 
preparations of chicken gizzard that had been extracted with 0.6 M KCl and 
0.6 M Kl. This protein, which they named "desmin", was further purified by 
preparative SDS-polyacrylamide gel electrophoresis, and used to elicit a specific 
antibody in rabbits. The antibody cross-reacted with a urea extract of the KCl 
and K1 insoluble residue, but not with purified myosin, actin, a-octinin or 
tropomyosin. Indirect immunofluorescent antibody staining of various chicken 
muscle tissues localized desmin in a filamentous structure running the entire 
length of intestinal smooth muscle cells, at the Z lines of skeletal muscle, and 
at the Z lines and intercalated discs of cardiac muscle. Although this report 
clone did not conclusively prove that desmin was the subunit protein of the 
intermediate filaments, in light of the results of other investigators (Cooke, 
1976; Schollmeyer et al., 1976; Small and Sobieszek, 1977a) it appears that 
desmin (skeletin) is probably the major constituent protein of these filaments in 
smooth muscle. Lazarides and co-workers (Lazarides and Hubbard, 1976; Izant 
and Lazarides, 1977; Lazarides and Balzer, 1978; Hubbard and Lazarides, 1979) 
have consistently reported a molecular weight of 50,000 for desmin, in contrast 
to the molecular weight of 55,000 reported by others (Cooke, 1976; Small and 
Sobieszek, 1977a). This difference is probably due to a difference in the gel 
electrophoresis buffer systems used to determine molecular weight and not to a 
difference in the preparations. 
25 
Two-dimensional gel electrophoresis was used to characterize desmin in 
avian and mammalian muscles by Izant and Lazarides (1977). Desmin from chick 
muscle was resolved into two isoelectric variants, ccand/S, with & being the most 
acidic variant, in this paper, as well as in others from the same laboratory 
(Lazarides, 1978; Lazarides and Balzer, 1978), the authors indicated that the 
two variants were found in approximately equal amounts in intact gizzard and 
chicken skeletal muscles, but in two later papers (Hubbard and Lazarides, 1979; 
O'Connor et al., 1979), they indicated that ^-desmin is the predominant variant. 
The increased amount of the tt-variant in the early reports may have been due to 
chemical modification of the protein due to heating in 8M urea, since this 
procedure was used to solubilize the intermediate filaments prior to isoelectric 
focusing. Although heating of the samples was discontinued in the later reports, 
this explanation may not be sufficient to account for the variability of their results, 
and thus the exact proportion of the two desmin variants in intact muscle is presently 
unknown. O'Connor et al. (1979)have demonstrated that o:-desmin is phosphorylated 
in vivo and in vitro, and might be the phosphorylated form of/S-desmin. However, 
this report appears inconclusive since several phosphorylated desmin variants which 
had not been observed previously were found in this study, no physiological role for 
the phosphorylation was reported, no specific kinase for phosphorylation of desmin 
was described, and no attempt was made to determine the number of moles of 
phosphate incorporated per mole of desmin. 
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Desmîn appears to be invariant among muscle types of the same species, at 
least as determined by two-dimensional gel electrophoresis (Izant and Lazarides, 
1977; Lazartdes and Balzer, 1978). Desmins from chick cardiac, skeletal and 
smooth muscles migrated identically, as tfie two isoelectric variants tt and /3, 
but desmins from mammalian muscles all migrated as a single variant with a slightly 
more acidic isoelectric point and a higher molecular weight than either of the two 
avian variants. Antibodies to chick desmin do not bind to mammalian (rat or 
guinea pig) skeletal muscle myofibrils, again suggesting species differences 
(Lazarides and Balzer, 1978). Peptide mapping experiments have also indicated 
definite differences between mammalian (porcine) and avian (turkey gizzard) 
desmins (O'Shea et al., 1979). The amino acid compositions of porcine stomach 
and chicken gizzard intermediate filament proteins are very similar (Small and 
Sobieszek, 1977a), indicating some homology between these proteins. 
Although desmin appears to be the major subunit protein of smooth muscle 
intermediate filaments, it is not known if other proteins are present as minor 
components in the structure of the filaments. The association of desmin with other 
proteins has not been extensively studied. Lazarides and co-workers (Lazarides 
and Hubbard, 1976; Lazarides, 1978) have suggested a direct interaction between 
desmin and actin. This hypothesis rests largely upon the fact that the two proteins 
appear to co-purify, i.e., some actin remains insoluble along with the intermediate 
filaments after extraction with high ionic strength KCl solutions and extraction with 
Kl, both of which solubilize most of the actin from skeletal muscle. This residual 
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actin is extracted under conditions, such as the use of denaturing solvents, which 
solubilize the desmin. Lazarides (1978) described two related experiments which 
were intended to demonstrate tfie association of this residual actin with desmin. 
In both experiments, urea extracts of a Kl-insoluble intermediate filament prepa­
ration, which contained approximately equal amounts of actin and desmin, were 
dialyzed against 150 mM NaCi, 10 mM Tris-HCi, pH 8.7. Under these conditions, 
filaments approximately 10 nm in diameter were formed from the mixture, and these 
were removed by centrifugation at 10,000 x g. In the first experiment, the remaining 
soluble protein, which was still a mixture of actin and desmin, was applied to a 
Sepharose 4B column. Both proteins were eluted in the void volume, possibly 
indicating the presence of a complex of desmin and actin. In the second 
experiment, this soluble mixture of actin and desmin was applied to a DNase I 
affinity column. Although DNase I has a specific affinity for actin (Lazarides 
and Lindberg, 1974), both actin and desmin were retained by the affinity column. 
Unfortunately, the presence of several high molecular weight contaminants In the 
mixture of actin and desmin, and the percentage of the original urea extract which 
remained soluble after dialysis and subsequent centrifugation, were not mentioned 
by the author. Furthermore, appropriate controls, demonstrating the behavior of 
purified actin and purified desmin under the experimental conditions, were not 
included, and thus these experiments fall short of proving a specific interaction 
between desmin and actin. 
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Although Small and Sobieszek (1977a) have reported that acetic acid prefer­
entially extracts desmin (as opposed to actin) from a salt insoluble intermediate 
filament preparation, resulting in a purified preparation of desmin, other investi­
gators have reported that such acetic acid extracts contain variable amounts of 
actin contamination, as well as other minor contaminants (Fellini et al., 1978b; 
Hubbard and Lazarides, 1979). Actin contamination persisted even after precip­
itation of the acetic acid extract at pH 4 and three additional repetitions of this 
extraction-precipitation cycle (Hubbard and Lazarides, 1979). In studies on the 
formation of filaments by this partially purified desmin, Hubbard and Lazarides 
(1979) demonstrated that dialysis of acetic acid extracts against distilled water 
resulted either in formation of a filamentous gel or in formation of a metastable 
solution that would form filaments after addition of a variety of agents, such as 
MgCl^/ CaCl^/ or KCl. These filaments were described as ribbon-like in 
appearance, with diameters of 12 to 14 nm, as compared to the generally 
cylindrical, 10-nm intermediate filaments found in vivo. Filament formation 
was not reversible except by solubilization with acetic acid or detergents. 
Fellini et al. (1978b) also examined filaments reconstituted at pH 4 from acetic 
acid extracts, and reported that the morphology of these reconstituted filaments 
was clearly different from the morphology of native filaments, and that the 
morphology of the reconstituted filaments varied from preparation to preparation. 
Raising the pH of the filament suspension from pH 4 to pH 7 resulted in formation 
of a fiocculant precipitate of aggregated filaments. The reasons for the differing 
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moffihology of the synthetic filaments formed from these partially purified desmin 
preparations, as compared to native filaments, are presently unknown. 
Hubbard and Lazarides (1979) attempted to determine the distribution of 
desmin and the residual actin in these reconstituted filaments by the use of 
indirect immunofluorescence. Using antibodies to both actin and desmin, rfiese 
authors demonstrated that both proteins were uniformly distributed in the 
filamentous gel, and thus both proteins were presumably co-polymerized into a 
single filamentous structure. However, it is difficult to unequivocally interpret 
these results as a direct interaction between actin and desmin, because, as in the 
previously described experiments which were interpreted as implying such an 
interaction (Lazarides, 1978), suitable controls demonstrating the behavior of 
actin and desmin individually, under the appropriate experimental conditions, 
were not included in the experiments. This omission was presumably due to the 
lack of a suitable procedure for obtaining purified desmin. Development of such 
a procedure appears to be a necessary prerequisite for obtaining further information 
on both the assembly of desmin into filaments and the interaction of desmin with 
actin, if, indeed, such an interaction exists. 
From the information reviewed in this section, it can reasonably be 
concluded that the intermediate filaments make up a cytoskeletal network in smooth 
muscle cells. Furthermore, the filaments appear to be composed, at least in part, 
of a 55,000-dalfon protein which has been tentatively named desmin (or skeletin). 
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Most of the details concerning the structure of the filaments and their interactions 
with other cellular components have not been resolved. 
Intermediate Filaments in Skeletal and Cardiac Muscle 
The term intermediate filament was first used by Ishikawa, Bischoff and 
Holtzer (Ishikawa et al,, 1968) to describe a class of 10"nm diameter filaments 
seen in an electron microscope study of developing chick skeletal muscle cells 
grown in culture. The differentiation of the mononucleated myogenic cells in 
culture presumably mimics the differentiation of myogenic cells in the embryo. 
At some late stage in the differentiation process, the precursor myogenic cells 
(presumptive myoblasts) cease proliferation and become myoblasts. The myoblasts 
then align end-to-end and fuse to form multinucleated myotubes, which are the 
immediate precursors of fully developed muscle cells. At the time of fusion, the 
cells begin to synthesize and accumulate muscle-specific contractile proteins and 
to assemble these proteins into myofibrils. Prior to fusion, a randomly oriented 
network of intermediate filaments can be seen in virtually all of the cells in 
culture, including fibroblasts, presumptive myoblasts and myoblasts (Ishikawa 
et al., 1968). In post-fusion myotubes, intermediate filaments are found primarily 
between the developing myofibrils, and are oriented parallel lo the long axis of 
the myotubes. These longitudinally oriented intermediate filaments do not appear 
to be associated with the developing myofibrils, and do not appear to be involved 
in myofibrillogenesis (Ishikawa et al., 1968; Kelly, 1969). 
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Antibody localization studies have indicated that desmin, the subunît 
protein of smooth muscle intermediate filaments, or a homologous protein, is 
localized at the Z line in mature skeletal muscle myofibrils (Lazarides and 
Hubbard, 1976; Granger and Lazarides, 1978). In myogenic cell cultures, 
immunofluorescent labeling with antibodies to desmin is observed in myotubes in 
the areas between the developing myofibrils, corresponding to the location of the 
longitudinally oriented intermediate filaments seen in the electron microscope 
(Fellini et al., 1978a; Bennett et al., 1978a). Although all of the mono-
nucleated cells in these cultures (fibroblasts, presumptive myoblasts and myoblasts) 
contain intermediate filament networks (Ishikawa et al., 1968), 30 to 50% of 
these cells were unreactive with antibodies to desmin. Only the postmitotic 
myoblasts exhibited desmin fluorescence, thus suggesting that the synthesis of the 
muscle-specific intermediate filament protein is initiated following terminal 
differentiation of the myogenic cells (Bennett et al., 1978a). All of the cells 
in culture were reactive with an antibody made to a 58,000-dalton protein 
isolated from fibroblast intermediate filaments. As will be reviewed later, this 
report indicates that the intermediate filaments of nonmuscle cells, as well as the 
filaments in replicating presumptive myoblasts, are immunologically distinct from 
intermediate filaments of muscle cells. The antibody to the fibroblast intermediate 
filament protein used in this study (Bennett et al., 1978a) cross-reacted with 
desmin, and thus, although this antibody reacted with the intermediate filaments 
in myoblasts and myotubes, the investigators were unable to determine if the 
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fibroblast-type intermediate filaments were present in these cells. Using anti­
bodies to desmin, Bennett et al. (1978a) were also able to demonstrate that the 
distribution of desmin changes from the longitudinal orientation seen in early 
post-fusion myotubes; to a transverse distribution in mature myotubes. This 
change in distribution is correlated with disappearance of the longitudinally 
oriented intermediate filaments seen between the myofibrils in the developing 
myotube (H. Holtzer, University of Pennsylvania, paper presented at Cold Spring 
Harbor Meeting on the Cytoskeleton, Cold Spring Harbor, New York, May 16-20, 
1979). The transverse distribution of desmin in mature myotubes presumably 
corresponds to the localization of desmin at the Z line in mature skeletal muscle. 
Although Immunofluorescent antibody studies have localized desmin, or a 
homologous protein, primarily at the Z lines of mature skeletal muscle myofibrils 
(Lazarides and Hubbard, 1976), in skeletal muscle fibers desmin is also localized 
along filamentous structures that run parallel to the long axis of the fiber near the 
plasma membrane and between adjacent Z lines (Lazarides and Hubbard, 1976; 
Lazarides, 1978). These authors postulated that these desmin-containing structures 
serve to link myofibrils together at the Z line and to link myofibrils to the plasma 
membrane. Additional evidence supporting this hypothesis has been provided by 
the use of fluorescent probes which demonstrate fluorescence only in hydrophobic 
environments, such as that in membranes (Lazarides and Granger, 1978). This 
study demonstrated the presence of membranes, presumably remnants of the transverse 
33 
tubule system, in close association with Z lines in glycerinated muscle fibers. 
Recently, Granger and Lazarides (1978) have shown that honeycomb-like sheets 
of interconnected Z lines can be prepared by mechanical shearing of Kl-extracted 
myofibrils. Immunofluorescent localization of desmin in such preparations demon­
strated that desmin is located not within the Z line, but at the periphery of the 
Z lines, providing yet additional evidence for the role of desmin in linking adjacent 
myofibrils at their Z lines. This function is comparable to the cytoskeletal function 
described earlier for the desmin-containing intermediate filaments in smooth muscle. 
Despite the immunofluorescence data demonstrating the presence of desmin In 
skeletal muscle, and despite the large number of ultrastructural studies which have 
been done on various skeletal muscles, direct visualization of intermediate filaments 
in mature skeletal muscle has not been reported. Desmin has, however, recently 
been isolated from porcine skeletal muscle (O'Shea et al., 1978). Although this 
purified desmin is capable of in vitro assembly into 10-nm filaments, the in vivo 
form of desmin is still unknown. Furtfiermore, there is no conclusive evidence of 
an interaction between desmin and other myofibrillar proteins, or between desmin 
and membranes or membrane-associated proteins. Thus, the specific biochemical 
relationship of desmin to proteins of the skeletal muscle myofibril remains to be 
elucidated. 
In contrast to present data on skeletal muscle, intermediate filaments have 
been seen by electron microscope observations not only in developing cardiac 
muscle cells (Rash et al., 1970a), but also in mature cardiac muscles (Ferrans 
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and Roberts, 1973), in cardiac muscles of rats treated with anabolic steroids 
(Behrendt, 1977V rnd :r. cordiac purkinje fibers (Eriksson et al.y 1978; Eriksson 
and Thomell, 1979), The distribution of these filaments in developing cardiac 
muscle is similar to the previously described distribution of intermediate filaments 
in developing skeletal muscle (Rash et al., 1970a). Preliminary biochemical 
studies on the intermediate filaments in developing cardiac muscles indicated 
that they were resistant to extraction with neulral salts and low concentrations of 
urea (Rash et al., 1970b). In mature cardiac cells, intermediate filaments were 
found to be located at the level of the Z line, either encircling or penetrating 
the Z line structure. Filaments were also seen running between Z lines of 
adjacent myofibrils, running along the plasma membrane, associating with the 
nuclear membrane, and associating with the intercalated discs which form the 
{unctions between adjacent cardiac muscle cells (Ferrans and Roberts, 1973; 
Behrendt, 1977). This distribution parallels the distribution of fluorescence seen 
in immunofluorescence studies on chick cardiac muscle using antibodies fo chicken 
smooth muscle desmin (Lazarides and Hubbard, 1976; Lazarides, 1978), thus 
indicating that the filaments are composed, at least in part, of a protein homologous 
to desmin. In addition, a 55,000-dalton protein has been shown to be a component 
of the intermediate filaments of bovine cardiac purkinje fibers (Eriksson et al., 1978), 
Thus it appears likely that the intermediate filaments of cardiac muscle are structurally 
and functionally similar to smooth muscle intermediate filaments, although the 
detailed biochemical studies needed to prove this have not been done. 
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Intermediate Filaments in Nonmuscle Cells 
In addition to microfilaments (actin filaments) and microtubules/ most if not 
all animal cells contain a third class of cytoplasmic filaments, 7-11 nm in diameter, 
which are morphologically similar to smooth muscle intermediate filaments (see 
Franke et al., 1978a,b, and Steinert et al., 1978 for additional references). This 
class of filaments includes neurofilaments, glial filaments, epithelial tonofilaments, 
and the intermediate filaments found in a wide variety of cultured cells. Although 
both neurofilaments and epidermal keratin filaments have been recognized and 
studied for at least 20 years, the study of intermediate filaments in most nonmuscle 
cell types has progressed concurrently with the studies on muscle filaments, 
beginning with the observation by Ishikawa et al. (1968) that all of the mono-
nucleated cells in their myogenic cell cultures contained 10-nm filaments. Much 
of the recent progress in this field has been due to the observation that washing of 
cultured cells in situ wii4i nonionic detergents extracts most of the soluble contents 
of the cell, leaving an insoluble cytoskeleton consisting of actin filaments and 
intermediate filaments (Brown et al., 1976). Because such preparations contain 
relatively few protein components, putative intermediate filament subunit proteins 
have been identified and isolated by SDS-polyacrylamide gel electrophoresis, and 
used to produce antibodies for use in immunofluorescence studies of the distribution 
of the intermediate filaments in tissues and cells. In cultured cells, the intermediate 
filaments exhibit a characteristic appearance of a network of wavy, interconnecting 
individual filaments and bundles of filaments that surround the nucleus and 
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extend to oil portions of the cell. Treatment of cultured cells with the mitotic 
inhibitors colchicine or colcemid results in a redistribution of the filaments, 
producing large intracellular cables or perinuclear caps consisting of large 
numbers of aggregated 10-nm filaments (Ishikawa et al., 1968; Holtzer et al., 1975; 
Blose and Chacko, 1976). The significance of this observation in terms of the 
function of the intermediate filaments in vivo is unclear, but colcemid treatment 
has been useful for obtaining large numbers of isolated filaments for purification and 
characterization of the protein subunits (Starger and Goldman, 1977). 
Largely on the basis of molecular weight of subunit peptides and immuno­
logical cross-reactivity, the intermediate filaments have been grouped into a 
number of distinct classes. Neurofilaments of vertebrate and invertebrate axons 
make up one of these classes. Although o variety of different protein subunits of 
widely varying molecular weight have been described as components of mammalian 
neurofilaments, more recent work indicates that proteins of molecular weight 200,000, 
160,000 and 68,000 are the major subunits (Liem et al., 1978). The majority of 
reports indicate that the neurofilaments are immunologically distinct from other 
intermediate filament subunits (Schlaepfer and Lynch, 1977), and peptide maps have 
shown distinct differences between neurofilament protein and desmin (Davison et al., 
1977). The filaments of glial cells make up a second class of 10-nm filaments. 
Glial filaments ore composed of a 54,000-daiton protein, named glial fibrillary 
acidic protein or GFAP (Dahl and BIgnamI, 1975), that has an amino acid 
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composition very similar to smooth muscle desmin (Small and Sobieszek, 1977a), 
Antibodies to GFAP specifically stain glial cells, and do not cross react with 
desmin or stain muscle cells (Lazarides and Balzer, 1978). Tonofilaments and 
epidermal keratin filaments characteristic of epithelial cells make up a third class 
of filaments. Epidermal keratin filaments are characteristically smaller in diameter 
(8-9 nm) than the intermediate filaments in muscle cells, and are composed of 
copolymers of a number of polypeptides in the molecular weight range 45,000-
60,000 (Steinert and Idler, 1975). These filaments are perhaps the best charac­
terized of all intermediate filament types, and numerous studies on the structure 
and composition of native and repolymerized keratin filaments have been done by 
Steinert and co-workers (Steinert et al., 1976; Steinert, 1978). On the basis of 
peptide composition and immunological cross-reactivity, tfie intermediate filament 
networks of all types of epithelial and epithelia-derived cells can be included in 
this filament class (Franke et al., 1978a,b; Sun and Green, 1978). The filaments 
of cells of mesenchymal character, such as fibroblasts, make up a fourth class. In 
general, it appears that these filaments are composed primarily of a single poly­
peptide, with a molecular weight slightly higher than that of desmin (Bennett et al., 
1978b; Franke et al., 1978b; Hynes and Destree, 1978), and a different isoelectric 
point (Lazarides and Balzer, 1978). Antibodies to this protein, which has been 
named "vimentin" (Franke etal., 1978b) stain only mesenchymally-derived cells 
(Hynes and Destree, 1978). The filaments of BHK-21 cells, a fibroblast-derived 
cell line, have been isolated and characterized (Starger and Goldman, 1977; 
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S forger et al., 1978). These filaments, which can bind fluorescent antibodies to 
vimentin (Franke et al., 1978b), are composed of two polypeptides of molecular 
weight 55,000 and 54,000, which have amino acid compositions similar to that of 
muscle desmin (Starger et al., 1978). The final class of intermediate filaments is, 
of course, the muscle cell filaments. Two classes of intermediate filaments can be 
found within the same cell, as shown by Franke et al. (1978a,b) in the cells of the 
rat kangaroo cell line PtKg* In these cells the normal arrays of intermediate 
filaments are of the epidermal keratin type, but the colcemid-induced perinuclear 
caps bind antibodies to vimentin, the protein specific for mesenchymally-derived 
cells. 
Although these five classes of intermediate filaments appear to be both 
biochemically and immunologically distinct, there are a few reports which break 
this established pattern. In one laboratory (Bennett et al., 1978a,b) an antibody 
to the fibroblast intermediate filament protein (vimentin) was shown to cross-
react with muscle desmin, and fluorescent labeling of the intermediate filaments of 
fibroblasts by this antibody was blocked by pre treatment of the antibody with 
desmin. In another study (Blose et al., 1977), an antibody to neurofilaments was 
shown to react with the intermediate filaments in both vascular endothelial cells 
and cardiac muscle cells. This information, along wirfi the previously mentioned 
similarities in amino acid composition of the various intermediate filament protein 
subunits, makes it tempting to postulate a similarity between these proteins, in 
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contrast- to the differences seen from the previously described immunofluorescence 
data. Furthermore, the filaments of BHK-21 cells and epidermal keratin filaments 
have been demonstrated to be similar structurally by electron microscopy, by 
CK-helix content as determined by circular dichroism, and by X-ray diffraction 
patterns of reconstituted filaments (Steinert et a!., 1978). Clearly a great deal 
of further biochemical data are needed to determine the exact relationship between 
these various classes of intermediate filaments. 
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MATERIALS AND METHODS 
All preparations were done at 0-4®C/ unless indicated otfierwise. All 
solutions were prepared using double-deionized, distilled water that had been 
redistilled in glass and stored In polyethylene containers. All reagents used 
were analytical reagent grade or better. 
Fresh or frozen turkey gizzards, obtained from Land O'Lakes, Ellsworth, 
iowa, were used for all smooth muscle protein preparations. Frozen tissue was 
partially thawed prior to use, while fresh tissue was transported in ice and used 
within one hour postmortem. Porcine semitendinosis and biceps femoris muscles 
were obtained within 20 minutes postmortem from the Iowa State University Meat 
Laboratory and were used for the preparation of porcine skeletal actin. All 
muscle samples were trimmed free of connective tissue and ground in a pre-cooled 
meat grinder. The minced muscle was then used for the appropriate protein 
preparations. Chicken gizzard, breast (skeletal), and cardiac muscles used for 
electron microscopy and immunofluorescent antibody localization studies were 
obtained immediately postmortem from mature chickens sacrificed by decapitation. 
One of the major obfectives of this study was development of a procedure for 
purification of desmin. For this reason, the procedures used for preparation of crude 
intermediate filaments, extraction of the crude filaments with low ionic strength 
solutions and urea solutions, and purification of desmin from the crude intermediate 
filaments will be given in the Results section. 
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Chromatography 
Glass chromatography columns used in this study were obtained from 
Pharmacia Fine Chemicals, Inc. Sepharose CL-4B and DEAE-Sepharose CL-6B 
were also purchased from Pharmacia Fine Chemicals, Inc. Hydroxylapatite was 
obtained from Bio-Rod Laboratories. All preparative chromatography procedures 
described in this study were done in the presence of 6 M urea. The urea solutions 
were mode from an 8 M stock solution which had been passed through a column of 
Amberlite MB-3 mixed bed ion exchange resin (Malinkrodt, Inc.) to remove 
cyanate and metal ion contamination. Urea solutions were made fresh as needed 
and stored at 2-4°C to minimize cyanate formation. 
For both DEAE-Sepharose CL-6B and hydroxylapatite chromatography, 
Sephadex flow adopters were used to aid in loading the protein samples, and LKB 
Multiperpex or Varioperpex pumps were used to maintain a constant flow rate. Gel 
filtration .(Sepharose CL-4B) columns were loaded with the aid of a sample applicator 
cup and were eluted by gravity flow. Fractions of uniform volume were collected 
automatically using either LKB Ultroroc 7000 or LKB 2070 Ultrorac II fraction 
collectors. Absorbance of the eluants at 280 nm was continuously monitored either 
with an LKB Uvicord II, an LKB Uvicord III, a Pharmacia Duomonitor and/or the 
absorbance at 280 nm of individual fractions was measured with a Beckman DB-GT 
spectrophotometer. Specific details concerning buffer systems, flow rotes, column 
dimensions and protein loads used in this study are given in the Results section. For 
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hydroxylapoHte chromatography, an LKB 11300 Ultrograd was used to produce a 
precise phosphate gradient for column elution. The phosphate concentration of 
individual fractions was measured by the colorimetric metfiod of Taussky and Shorr 
(1953). DEAE-Sepharose CL-6B columns were eluted with a continuous NaCi 
gradient, which was monitored by titration of aliquots of individual fractions with 
AgNOg by the procedure of Robson et al. (1970). Collected fractions were 
concentrated, when necessary, with an Amicon Dioflow Ultrafiltration Cell, 
using a PM 10 membrane. 
Electrophoresis and Isoelectric Focusing 
Sodium dodecylsulfate-polyacrylamide disc gel electrophoresis was done by 
the method of Weber and Osbom (1969). Seven and one-half percent polyacrylamide 
gels, 8 cm long, were polymerized in glass tubes having an inside diameter of 5 mm 
and a length of 12 cm. The weight ratio of acrylamide to methylenebisacrylomide 
was 75 to 1. The gels, as well as the upper and lower electrophoresis reservoirs, 
contained 0.1 M sodium phosphate, pH 7.0, 0.1% SDS. Soluble protein samples 
were prepared for electrophoresis by mixing 0.2 ml of sample with 0.1 ml of a 
tracking dye solution containing 5.25% SDS, 4.6 M MCE, 20% glycerol, 0.03% 
bromphenol blue, 60 mM sodium phosphate, pH 7.0, and immediately placing the 
tube in a boiling water bath for 5 min. Insoluble pellets, such as myofibrils and 
crude intermediate filament preparations, were dissolved by suspending the samples 
in 2% SDS, 1% MCE, 10 mM sodium phosphate, pH 7.0, and heating the samples 
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in a boiling water bath for 10 min. After cooling, the samples were centrifuged at 
2000 X for 15 min to remove any remaining insoluble material, dialyzed 
overnight against 0,1% SDS, 10 mM sodium phosphate, pH 7.0, and prepared 
for electrophoresis as described for soluble samples. After loading appropriate 
quantities of sample, a constant current of 6-8 mi 11 lamps per gel was applied until 
the tracking dye was one cm from the bottom of the gel. Gels were stained for 
12-16 hr in 0.1% Coomassie brilliant blue R (Sigma Chemical Co.), 50% 
methanol, 7% acetic acid. Gels were electrophoretically destained in a 
Canalco "Quick Gel Destainer" in destaining solution containing 5% methanol, 
7.5% acetic acid. Gels were stored in destaining solution for at least one week 
prior to photography. Gels were photographed with a Nikon F camera using 
Kodak Panatomic X film. Molecular weights of proteins were determined by the 
method of Weber and Osbom (1969) using protein standards of known molecular 
weight. 
For direct electrophoretic analysis of fractions from chromatography columns 
run in the presence of 6 M urea, an electrophoresis system identical to that described 
above was used, except that 4 M urea was included in the gel buffer. Samples 
were diluted to a final urea concentration of 4 A/1 prior to electrophoresis. 
Some SDS-polyacrylamide gel electrophoresis experiments were performed 
on slab gels using the discontinuous, Tris-glycine buffer system of Laemmli (1970). 
The slab gels, 1.5 mm x 16 cm x 12 cm, consisted of an 8% polyacrylamide 
separating gel and a 3% polyacrylamide stacking gel. The weight ratio of 
44 
acrylamide to methylenebisacrylamide in both gels was 30 to 0.8. Protein samples 
were made up to a final concentration of 1 mg/ml in 7.5% MCE, 1.5% SDS, 15% 
sucrose, 0.03% bromphenol blue, 15 mM 2-N-morphoIinoethane sulfonic acid, 
pH 6.5, and placed in a boiling water bath for 5 minutes. Electrophoresis was 
conducted at a current of 10 milliamps until tfie tracking dye had migrated through 
the stacking gel, and then at 12-15 mA until the dye front reached the bottom of 
the gel. Slab gels were stained overnight in 0.2% Coomassie brilliant blue R 
(Sigma Chemical Co.), 50% methanol, 7% acetic acid, destained by shaking for 
1 hr in 45% methanol, 7% acetic acid, and stored in 7% acetic acid. 
Two-dimensional electrophoresis experiments were done according to the 
method of O'Parrel I (1975). Isoelectric focusing in the first dimension was done 
in 4% acrylamide gels, 120 mm long, that had been poured in glass tubes 2.5 mm 
inside diameter by 130 mm long. Samples which were insoluble in nondenaturing 
solvents were extracted overnight with unbuffered 8 M urea at 2-4° C. These 
urea extracts were centrifijged at 145,000 x g^Qj^ for 1 hr, and tfie supemotants 
were then equilibrated in sample buffer as described for soluble samples (O'Parrel 1, 
1975). Sodium dodecylsulfate-polyacrylamide gel electrophoresis in the second 
dimension was done on 10% polyacrylamide slab gels in an Ortec electrophoresis 
chamber according to the method of Allen et al. (1978). No stocking gel was used 
in this system. Gels were stained, destained, and photographed as described 
previously for cylindrical SDS-gels. 
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Densitometer scans of SDS-polyacrylamide disc gels were done using a Zeiss 
PMQ El spectrophotometer equipped with a thin layer chroma tog ram scanning 
attachment that had been modified to accept cylindrical polyacrylamide gels. 
Peak integration was accomplished with a Spectra Physics System I Computing 
Integrator that was connected directly to the output of the spectrophotometer. The 
stained gels were scanned at a wavelength of 550 nm. For quantitation of the 
amount of desmin present in whole muscle and at various steps in the purification 
procedure, a standard curve relating peak area to the amount of desmin was 
determined by scanning gels loaded with known amounts of purified desmin. 
Samples being quantitated and desmin standards were run in the same set of gels 
to avoid errors arising from differences in gel composition or distance of migration. 
Duplicate scans of duplicate gels were used for quantitation. 
Electron Microscopy 
Strips of chicken gizzard muscle, approximately 2 mm x 1 mm x 100 mm, 
were held in a biopsy clomp and fixed by immersion in 5% glutaraldehyde in 
Kreb's Ringer's solution (Devine and Somlyo, 1971) at 20®C for 1 hr. The strips 
were then cut into small pieces and fixed for an additional 2 hr at 20^C. Pellets 
of crude intermediate filament preparations were fixed for 2 hr at 2°C in 2.5% 
glutaraldehyde In 100 mM KCl, 20 mM potassium phosphate, pH 7.0. All 
samples were post-fixed with 1% OsO^ in veronal buffer, pH 7.1, dehydrated in 
graded acetone, and embedded in Epon-Araldite (Anderson and Ellis, 1965). Thin 
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sections were cut with glass knives on an LKB Ultratome III and stained with 2% 
uranyl acetate in methanol followed by lead citrate (Reynolds, 1963). 
Negative staining of native and synthetic intermediate filament preparations 
was done by placing a drop of the diluted protein solution (0.1 - 0.5 mg/ml) on a 
glow-discharged, 300 mesh copper grid that was covered with a carbon support 
film. After standing for 1-2 minutes, the grid was washed with 5-8 drops of 
glass distilled water. Excess water was removed by touching the grid to the 
torn edge of a piece of filter paper and a drop of 2% aqueous uranyl acetate was 
applied. After 10-30 seconds, excess uranyl acetate was removed with filter 
paper, and the grid was allowed to air dry. Occasionally, better spreading of 
native filament preparations could be obtained by inverting the grid and touching 
it to a drop of the filament suspension, followed by washing and staining as 
described above. 
All samples were examined in on RCA EMU-4 electron microscope that was 
operated at 100 kV. The magnification was determined by photographing a carbon 
replica of a diffraction grating. For measurements of filament diameters, negatives 
taken at an instrument magnification of 27,800 X were enlarged 2.8 times to give 
a final print magnification of 77,800 X. A template of ruled lines was randomly 
oriented over the print, and diameters of filaments that intersected the lines were 
measured using a measuring magnifier. 
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Amino Acid Analysis 
Amino acid analyses were done on a Durrum D-400 Amino Acid Analyzer. 
Duplicate samples were hydrolyzed in vacuo in 6 N HCl for 22 hr at nO°C. Five 
^1 of 10% phenol was added to the 1 ml samples to protect tyrosine. Cystine and 
cysteine were measured as cysteic acid following performic acid oxidation of duplicate 
samples by the method of Hirs (1967). Tryptophan was determined spectrophoto-
metrical ly by the method of Goodwin and Morton (1946). 
Analytical Ultracentrifugation 
Sedimentation velocity experiments were done on a Beckman Model E 
analytical ultracentrifuge using the Schlieren optical system. All experiments 
were done at 20°C using double sector Kel F centerpieces. Plates were measured 
with a Nikon 6C profile projector. 
Filament Formation Studies 
After purification of desmin by chromatography in urea, the purified desmin 
was dialyzed extensively against 10 mM Tris-acetote, pH 8.5, to remove the urea. 
Preliminary experiments indicated that the purified desmin was able to self-assemble 
into lO-nm diameter filaments after additional dialysis against either buffers at or 
near neutral pH, or buffers containing Mg^^or NaCl. To determine optimal 
conditions for self-assembly of purified desmin, experiments were done to examine 
the effects of pH, ionic strength, and Mg^^ concentration on the self-assembly 
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reaction. In each of these experiments, samples of purified desmin, at a 
concentration of 1 mg/ml, was dialyzed for 14-18 hr against appropriate buffers. 
The effects of pH were examined using a range of buffers at selected pH values, all 
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prepared at a concentration of 10 mM. The effects of ionic strength and Mg 
concentration were examined at boifi pH 7.0 and pH 8.5. Specific buffers used 
will be given in the Results section. After dialysis, samples were examined in the 
electron microscope to determine if the protein had self-assembled into filaments. 
Yields of filaments were determined by centrifugation of the assembled filaments 
either at high speed (183,000 x g^^^ for 1 hr) or at low speed (17,000 x g^^ 
for 30 min). The amount of protein remaining in the supernatant was measured 
by the Folin-Lowry procedure (Lowry et al., 1951) and data were expressed as 
percent of total protein sedimented. Since very few nonfilamentous aggregates 
were seen in the electron microscope, it was assumed that the pelleted material 
contained only filaments. Control samples were dialyzed against 10 mM Tris-
acetate, pH 8.5. In general, changes in protein concentration due to handling 
during the dialysis and centrifugation steps were less than 5%. All dialysis tubing 
was boiled for 10 min in 1 mM EDTA and washed extensively with glass distilled 
water prior to use. 
Turbidometric measurements of filament formation were done using a Gary 
model 1605 spectrophotometer equipped with an automatic sample changer and a 
thermostat-controlled sample chamber. Measurements were made at 20°C at a 
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wavelength of 300 nm. Data were corrected for the absorbance at 300 nm of 
unpoiymerized desmin. 
Circular Dichroism Spectra 
Circular dichroism spectra were measured with a Jasco ORD/UV-5 
spectropoIarimeter equipped with a circular dichroism attachment. Measurements 
were made in 1.0 cm path length cells at protein concentrations of 0.04 - 0.10 
mg/ml. The mean residue ellipticity, [0] , was calculated using the following 
equation: [0] = 0M/1OO Ic,^ where Q is the observed ellipticity in degrees, 
M is the mean residue weight, I is the path length in decimeters, and c is the 
protein concentration in grams/cm . A mean residue weight of 118 was calculated 
from the amino acid composition. The (x-helix content of unpoiymerized desmin 
was calculated from the ellipticity at 208 nm by using Method I described by 
Greenfeld and Fasman (1969) for estimation of the ^-helical content of proteins. 
X-Ray Diffraction 
X-ray diffraction experiments were performed by Dr. M. A. Rougvie, 
Department of Biochemistry and Biophysics, Iowa State University. Samples of 
synthetic filaments were prepared by dialysis of purified desmin, at a concentration 
of 5 mg/ml, against 150 mM NaCi, 10 mM imidazole, pH 7.0. Oriented samples 
of filaments were prepared by suspending a drop of the protein solution between 
two glass rods and then allowing the sample to air dry. Excess NaCl was removed 
by carefully washing the fibers with distilled water. For calibration purposes. 
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finely powdered KBr was dusted onto the fibers and the 3.29 1 spacing was used 
to accurately determine the specimen to film distance. 
Antibody Localization Studies 
For use as an antigen for antibody localization studies, chromatographically-
purified desmin was subjected to an additional purification step using preparative 
SDS-polyacrylamide gel electrophoresis. Electrophoresis was performed on 4 mm 
thick slab gels using the buffer system of Laemmli (1970), as described previously, 
except that the stacking gel was omitted. Approximately 2 mg of protein was 
loaded on each gel. After electrophoresis, narrow strips were cut from each 
side of the gel, stained briefly, and then realigned along the remaining unstained 
slab to locate the desmin band. The band was excised and the protein was eluted 
electrophoretically from the gel as described by Stephens (1975). The electro-
phoretically purified protein was immediately frozen at -20°C and stored until 
use as an antigen. 
The preparation of antibodies and the indirect immunofluorescent antibody 
localization studies were performed by F. L. Richardson and Dr. H. Stromer, 
Iowa State University, in general, these studies were done according to standard 
laboratory procedures used in our group, which are similar to those described by 
Schollmeyer (1976). 
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Myofibrillar Protein Preparations 
Turkey gizzard CK-actinin was prepared from frozen gizzards by the 
procedure of Robson (D^artment of Biochemistry and Biophysics, Iowa State 
University, personal communication). This procedure is a slight modification 
of tfie procedure for pr^aration of skeletal muscle ci-actinin, as described by 
Suzuki et al. (1976). Turkey gizzard tropomyosin was prepared by the method 
of Greaser and Gergely (1971) as modified by A/laistros (1978). The method of 
Maistros (1978) was also used to prepare turkey gizzard actin. Porcine skeletal 
actin was prepared by the method of Seraydarian et al. (1967) as modified by 
Spudich and Watt (1971). The purity of all myofibrillar protein preparations 
was monitored by SDS-polyacrylamide gel electrophoresis. 
Studies on the Interaction of Other Myofibrillar 
Proteins with Desmin 
The binding of either û;-actinin or tropomyosin to purified desmin was 
examined by polymerizing desmin in the presence of either a-actinin or tropomyosin, 
pelleting the desmin filaments by centrifugation, and measuring the amount of 
protein remaining in the supernatant. The assay was set up as follows: To each 
tube containing a constant amount (2 mg) of desmin in 10 mM Tris-acetate, 
pH 8.5, tropomyosin or a-actinin was added on a percent weight basis. Appropriate 
amounts of the equivalent buffer (0.1 M KCl, 1 mM KHCO^ in the case of tropo­
myosin; 1 mM KHCO^ in the case of «-cctinin) were added to maintain a constant 
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buffer concentration in all tubes, and the final volume was adjusted to 1.0 ml with 
10 mM Tris-acetate, pH 8.5. The samples were then dialyzed for 12-14 hrs 
against two changes of 150 mM NaCl, 20 mM imidazole, pH 7.0, at 2-4°C. 
Desmin controls, included to measure the small amount of desmin that was not 
sedimented, and a-actinin or tropomyosin controls, included to measure the small 
amount of these proteins that sedimented in the absence of desmin, were run at the 
same time. All assays were done in duplicate. Following dialysis, the samples 
were transferred to centrifuge tubes and centrifuged at 183,000 x g^^^ for 1 hr. 
The supematants were removed and the protein concentration of each determined 
by the Folin-Lowry procedure (Lowry et al., 1951). Pellets were dissolved in 
1% SDS, 10 mM Tris-acetate, pH 8.5, by agitation in a boiling water bath for 
10 min. Supematants and pellets from both experimental and control samples 
were examined by SDS-polyacrylamide gel electrophoresis. A total of 15 ^ g 
of protein was loaded on each gel. 
A single binding study, run in duplicate, was also done by mixing desmin and 
a-actinin that had both been previously dialyzed against 1 mM KHCO^ (desmin 
remains soluble in 1 mM KHCO^). Desmin was polymerized by addition of a 
concentrated buffer (as opposed to dialysis as described previously) to give a final 
concentration of 150 mM NaCi, 20 mM imidazole, pH 7.0, and the samples were 
incubated in a water bath at 25^ C for 1 hr. Experimental and control tubes were 
then centrifuged and examined as described in the previous paragraph. 
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Interaction of purified turkey gizzard desmin with either gizzard or porcine 
skeletal actin was examined by mixing a constant amount of desmin (0.5 mg), in 
1 mM KHCOg, with increasing amounts of G-actin. A concentrated solution of 
polymerization buffer was added to give a final solution of TOO mM NaCi, 1 mM 
MgClg/ 20 mM imidazole, pH 7.0, in a final volume of 1.0 ml. Samples were 
incubated in a water bath at 25® C for 1 hr and then centrifuged at 17,000 x g^^^ 
for 30 min. Control tubes containing only actin were included for each 
concentration of actin used. A control containing only desmin was also included. 
All samples were run in duplicate. Under these conditions, over 90% of the desmin 
sedimented as filaments, but less than 15% of the F-actin sedimented. After 
centrifugation, supematants were carefully decanted and the protein concentration 
of each was measured by the Folin-Lowry procedure (Lowry et al., 1951). For 
SDS-polyacrylamide gel electrophoresis of the supematants, 0.2 ml of each 
supernatant was mixed with 0.1 ml of tracking dye mixture (prepared as described 
in previous section on electrophoretic procedures) and 40^1 of the mixture was 
loaded onto each gel. Pellets were dissolved in 0.5 ml of 1% SDS, 10 mM 
Tris-acetate, pH 8.5, by placing the tubes in a boiling water bath for 10 min. A 
0.2 ml aliquot of each redissolved pellet was mixed with 0.1 ml of tracking dye 
and 20^1 of the mixture was loaded onto each gel. Electrophoresis of the super-
natants indicated that Increasing amounts of desmin remained In the supernatant 
as the actin concentration was increased. This was presumably caused by the 
increased viscosity of the solutions due to addition of increasing amounts of F-actin. 
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To determine the amount of unbound actin remaining in the supernatant, it was 
necessary to correct for this increasing amount of desmin that remained in the 
supernatant. This was accomplished by densitometry of the gels of the super-
natants. The area of the desmin peak was divided by the area of the peak for the 
desmin control sample in order to determine a correction factor for each actin 
concentration. Results were then expressed as the concentration of actin 
remaining in the supernatant. In addition to the quantitative analysis of the 
interaction, both experimental and control samples were examined by negative 
staining in the electron microscope. 
Determination of Protein Concentration 
Protein concentrations were determined by the biuret method (Gornoil 
et al., 1949) as modified by Robson et al. (1968) or by the Folin-Lowry 
method (Lowry et al., 1951) as modified by Goll et al, (1964), using bovine 
serum albumin as a standard. Desmin concentrations determined by the Folin-
Lowry procedure were multiplied by an empirically determined correction factor 
of 1.1 to give the corresponding biuret protein concentration. When necessary 
to avoid interfering substances in the Folin-Lowry procedure, the protein was 
first precipitated with trichloroacetic acid by the method of Lowry et al. (1951). 
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Other Analytical Procedures 
Carbohydrate analysis was performed by the phenol-sulfuric acid method 
(Ashwell/ 1966). The ultraviolet absorption spectra of desmin was measured 
both with a Cary model 1605 spectrophotometer and a Beckman DBGT spectro­
photometer. 
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RESULTS 
One of the major objectives of this study was to develop a reproducible, 
satisfactory method for purification of desmin. A number of previous investigators 
have reported that partially purified preparations of intermediate filaments and, 
thus, partially purified desmin, can be recovered as an insoluble residue following 
extensive extraction of actomyosin from smooth muscle homogenates (Cooke and 
Chase, 1971; Cooke, 1976; Lazarides and Hubbard, 1976; Schollmeyer et al,, 
1976; Small and Sobieszek, 1977a). As a basis for further studies on purification 
and properties of desmin, it was necessary to carry out biochemical and ultra-
structural studies on native intermediate filaments as part of the investigation. 
The result of these studies was development of a method for purification of desmin 
by solubilization of the intermediate filaments with urea and subsequent chroma­
tography of the urea extracts. The purified desmin was then partially characterized 
biochemically and was shown to be capable of assembling into 10-nm filaments 
in vitro, in accordance with the specific objectives outlined in the Introduction, 
additional experiments were done to examine the self-assembly properties and 
structure of the filaments formed by purified desmin, localization of desmin in 
muscle cells, and interaction of desmin with other selected myofibrillar proteins. 
Because Small and Sobieszek(1977a), during the course of these investigations, 
described a method for purifying this protein by acetic acid extraction of acto-
myosirf-extracted residues, it was necessary to include some experiments on these 
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acetic acid extracts in order to provide a basis for comparison of their procedure 
with the procedure developed as part of this investigation. 
For clarity, the results of this investigation are presented in six sections 
as follows: 1) Studies on native intermediate filaments; 2) Purification and 
partial characterization of desmin; 3) Studies on self-assembly and structure 
of filaments krmed by purified desmin in vitro; 4) Studies on desmin purified 
by acetic acid extraction; 5) Indirect immunofluorescent localization of desmin 
in chicken smooth, cardiac, and skeletal muscles; and, 6) Studies on interaction 
of desmin with cf-actinin, tropomyosin, and actin. 
Studies on Native Intermediate Filaments 
All of the investigations described in this study were done using avian gizzard 
as the source of smooth muscle tissue. Fig. 1 is included to show the typical 
morphology of chicken gizzard muscle as seen with the electron microscope. In 
longitudinal section (Fig. lA), both thick, 12- to 14-nm diameter, myosin-
containing filaments and thin, 6- to 8-nm diameter actin-containing fi laments 
can be seen, oriented approximately parallel to the long axis of the cell. In 
cross section (Fig. IB), the thin filaments are arranged In a circular array around 
each thick filament. The thick filaments also appear to be organized In an 
ordered array as seen In cross section. Dense bodies, which some Investigators 
think are the smooth muscle analogs of skeletal muscle Z lines (Ashton et al., 1975; 
Schollmeyer et al., 1976), are seen as amorphous, densely staining areas that 
Fig. 1. Electron micrographs of fixed and sectioned chicken gizzard 
A) Longitudinal section showing the thick (T) and thin (t) 
filaments oriented approximately parallel to the long 
axis of the cell. A few intermediate filaments (I) can 
be seen oriented transversely to the direction of the 
thick and thin filaments. Dense bodies (D) appear as 
elongated y densely-staining areas distributed through­
out the cytoplasm. A few thin filaments appear to be 
attached to the dense body in the upper right of the 
micrograph. X 37,900. 
B) Cross section showing numerous intermediate filaments 
(I) located around the dense bodies (D) and near the 
membrane attachment plaques (A). Occasionally, 
groups of intermediate filaments that do not appear to 
be associated with dense bodies in this section can 
also be seen (double arrows). The thin filaments (t) 
can be seen in organized arrays surrounding the thick 
filaments (T). X 37,900. 
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appear to be randomly spaced throughout the cytoplasm. In one instance, thin 
filaments appear to be associated with o dense body (Fig. lA, upper right). In 
longitudinal section (Fig. lA), intermediate filaments are difficult to distinguish 
from the thin filaments in this micrograph due partially to the thickness of the 
section. A few intermediate filaments that run at angles to the thin and thick 
filaments can be seen. Intermediate filaments can be seen clearly in cross section 
(Fig. iB) in the areas surrounding dense bodies and near the membrane attachment 
plaques. This distribution of intermediate filaments is in agreement with the 
results of Cooke and Fay (1972) and Cooke (1976) who have demonstrated a close 
association of intermediate filaments with dense bodies and membrane attachment 
plaques. Although o few groups of intermediate filaments can be seen that are not 
apparently associated with dense bodies, these filaments may be attached to a dense 
body outside the plane of section. 
Partially purified native intermediate filament preparations (crude intermediate 
filaments) were prepared from turkey gizzard by the method outlined in Fig. 2. This 
procedure involves three essential steps: 1) Preparation of well-washed myofibrils, 
2) Extraction of actomyosin from the well-washed myofibrils with a low ionic 
strength solution containing ATP, and 3) Additional extraction of actomyosin with 
0.6 M KCl. The first two steps in this procedure are similar to those described by 
Sobieszek and Bremel (1975) for preparation of smooth muscle myofibrils and 
actomyosin. The use of the term myofibril io describe these preparations may not 
be entirely accurate because, as shown in Fig. 1, the contractile apparatus of 
61 
Supernatant 
(Wash 1) 
Supematants 
(Washes 2-6) 
I 
Supematants 
(ATP Extracts 1 
TOO g Finely ground gizzard muscle 
a) Homogenize in 5 volumes of Myofibril Solution 
(60 mM KCI, 5 mM EDTA, 1 mM MCE, 0.1 g/ 
I streptomycin, 0.1 g/i penicillin, 20 mM 
imidazole-HCl, pH 7.0) using two 15 sec bursts 
in Waring blender 
b) Centrifuge at 6000 x g__ for 10 mîn 
Pellet 
a) Resuspend in 5 volumes of Myofibril Solution 
containing 1% Triton X-100 using a teflon-glass 
homogenizer 
b) Centrifuge at 6000 x g for 10 min 
c) Repeat (a) and (b) 4 adaitional times. Include 
Triton X-100 at concentrations of 0.5% and 
0,3% in washes 3 and 4, respectively. Omit 
Triton from final two washes 
1 
Pellet (Washed Myofibrils) 
a) Resuspend in 5 volumes of ATP solution (10 mM 
ATP, 60 mM KCI, 2 mM EGTA, 1 mM EDTA, 
1 mM MCE, 40 mM imidazole-HCl, pH 7.0) by 
homogenization for 15 sec in Waring blender 
b) Centrifuge at 17,000 x g^^ for 1 hr 
c) Repeat (a) and (b) one additional time 
and 2) 
^ellet (Myofibrils after ATP extraction) 
a) Resuspend in 10 volumes of 0.6 M KCl, 0.1 g/1 
streptomycin and penicillin, 20 mM Tris-HCl, 
pH 7.6. Stir for 4-6 hr 
b) Centrifuge at 17,000 x g^^^ for 45 min 
c) Repeat (a) and (b) 5 additional times over a 
total period of 36-48 hr 
Supematants 
(KCl extracts 1-6) 
Pellet (Crude Intermediate Filaments) 
Fig. 2. Flow chart of method used for preparation of crude intermediate 
filaments 
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smooth muscle cells is not organized into discrete myofibrils as it is in striated 
muscle cells. However, such preparations are analogous to skeletal muscle 
myofibril preparations in that they contain the majority of the contractile proteins 
and exhibit a Ca -sensitive ATPase activity (Sobieszek and Biemel, 1975). The 
final extraction step described in Fig. 2 is similar to that used by Cooke and 
Chase (1971) for preparation of crude intermediate filaments. 
SDS-polyacrylamide gel electrophoresis was used to monitor the protein 
composition of the extracts and residues obtained during this preparation, as 
shown in Fig. 3. The gels of the original gizzard homogenate and the washed 
myofibrils show bands corresponding to subunit molecular weights of the myofibrillar 
proteins filamin (240,000), myosin heavy chain (200,000), tt-actinin (100,000), 
actin (42,000) and tropomyosin (38,000 and 36,000), The washing procedure 
extracts some actin and tropomyosin, as well as two low molecular weight proteins, 
the smaller of which is probably myoglobin. Actomyosin as well as filamin, tropo­
myosin, and an unidentified component with a molecular weight of 130,000 were 
extracted from the myofibrils by the ATP solution. Additional actomyosin, the 
130,000-dalton component, essentially all the remaining tropomyosin, and much 
of the a-actinin were removed by the extensive 0.6 M KCl extractions. The final 
insoluble crude intermediate filament preparation contains three major components 
corresponding to myosin, actin and a 55,000-dalion protein, as well as minor bands 
at molecular weights of 240,000, 130,000 and 100,000 (a-actinin). The 55,000-
dalton protein was not extracted to any significant degree during the procedure. 
Fig. 3. SDS-polyacrylamide gel electrophoresis of fractions obtained during preparation of 
crude intermediate filaments from turkey gizzard 
Fractions correspond to those described in Fig. 2. Gels contained 7 1/2% 
acrylamide and v/ere run according to the method of Weber and Osborn (1969), 
A total of 20/ig of protein was loaded on each gel. Numbers to the right of 
the gels show the approximate migration distances of proteins having the 
indicated subunit molecular weights. 
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and was thus enriched in the final crude intermediate filament preparation when 
compared to the original gizzard homogenate. 
Electron microscope examination of a fixed and sectioned pellet of a crude 
intermediate filament preparation (Fig. 4) shows that these preparations contain 
large numbers of filaments approximately 10 nm in diameter (range 8.5-11 nm). 
Dense bodies often appear to be associated with the intermediate filaments. 
In addition to dense bodies and intermediate filaments, these preparations also 
contain residual membrane fragments and insoluble collagen fibrils. The enrich­
ment of intermediate filaments obtained by this preparation procedure (Fig. 2) 
along with the concomitant enrichment of a 55,000-dalton protein (Fig. 3) provides 
preliminary evidence that this protein is a subunît protein of the intermediate fila­
ments. Thus, this 55,000-dalton protein appears to be identical to the intermediate 
filament proteins identified by four other investigators using similar procedures 
(Cooke, 1976; Lazarides and Hubbard, 1976; Schollmeyer etal., 1976; Small and 
Sobieszek, 1977a). For convenience, "desmin", the name that was used by 
Lazarides and Hubbard (1976), will be used to refer to this 55,000-dalton protein 
present in the crude intermediate filament preparations. 
The morphology of the native intermediate filaments can be seen more clearly 
by the use of negative staining techniques as shown in Fig. 6. These preparations 
are typically highly aggregated and it is very difficult to obtain even spreading of 
the filaments over the microscope grid surface. Thus, the filaments are usually 
Fig. 4. Electron micrograph of a thin section of a crude inter­
mediate filament preparation 
Crude intermediate filaments were pelleted by centri-
fugationy and the pellet was fixed in glutaraldehyde as 
described in Materials and Methods. Large numbers of 
intermediate filaments ore visible, together with asso­
ciated dense bodies (arrows). A few membrane remnants 
can also be seen (upper right). X 37,900. 
Fig. 5. Electron micrograph of a thin section of the insoluble 
pellet remaining after extraction of a crude intermediate 
filament preparation with 6 M urea 
A crude intermediate filament preparation was extracted 
for 16-18 hr with 6 M urea, 5 mM EDTA, 0.1% MCE, 
10 mM sodium phosphate, pH 7.5, and the insoluble 
residue was collected by centrifugation at 27,000 x g 
for 1 hr. The pellet was fixed in glutaraldehyde as de^ 
scribed in Materials and Methods, No intermediate 
filaments remain after this treatment. Only membrane 
remnants can be seen. X 37,900. 
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present as complex, tangled networks (Fig, 6A), Although the filaments are often 
arranged in parallel bundles over short distmces, no obvious regular interconnections 
between the filaments can be seen. The filaments generally appear smooth-sided, 
although occasionally small globular particles appear to be attached to the sides of 
the filaments. The intermediate filaments ore also extremely flexible, as indicated 
by the number of filaments that are bent Into relatively tight curves (Fig. 6A,B). 
The diameter of the filaments is somewhat variable, especially in places where the 
filaments are curved. Random measurements of the diameter of the filaments in 
these and similar micrographs taken at the same magnification give an average 
diameter of 10.1 ± 1.3 nm (mean ± standard deviation for n = 341; range = 8-12 nm). 
Due to the aggregated nature of these filament preparations, accurate length 
measurements cannot be made. However, some individual filaments can be followed 
over distances of several ^ m. Some amorphous material is often seen at the ends of 
the filaments, possibly indicating the presence of other components bound to the 
ends of the native filaments (Fig. 6B, inset). 
Careful examination of the filaments indicates the presence of longitudinal 
substructure (Fig. 6B), The filaments appear to be composed of a number of smaller, 
20- to 25-1 diameter protofilaments. Generally, three or four of these proto-
filaments c^r, oe seen across the diameter of an Individual 10-nm filament. In some 
cases, these pro to filaments appear to be arranged In a helical array along the axis 
of the filament. The details of the arrangement of the protofi laments cannot be 
Fig. 6. Electron micrographs of negatively stained crude intermediate 
filament preparations 
A) The native intermediate filaments appear as a complex, 
tangled network that is typical of these preparations. 
X 109,000. 
B) An isolated group of native intermediate filaments showing 
several filaments which exhibit a longitudinal substructure 
(double arrows). These filaments appear to be composed 
of a number of 20-25 1 diameter protofilaments, possibly 
arranged in a helical conformation. Several of the 
filaments in this preparation appear to vary slightly in 
diameter along their length (arrows). X 109,000. 
Inset: Native filaments at higher magnification, again 
showing protofi laments (double arrows) and amorphous 
material at ends of filaments. X 164,000. 
200nm 
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unequivocally determined from examination of these micrographs. The possibilities 
for further structural studies on such crude intermediate preparations are limited 
due to the aggregated state of the filaments in such preparations, and, moreover, 
to the heterogeneity of the preparations. 
Although some additional purification of the intermediate filaments might be 
achieved by further extraction of contaminating proteins, removal of all contam­
inants, including membranes and collagen fibrils, would be difficult. The approach 
adopted in this investigation was to develop a method for solubilizing the inter­
mediate filaments, followed by purification of desmin, which is likely the major 
protein subunit of the intermediate filaments. Many attempts were made to find 
conditions which would solubilize desmin from the crude intermediate filament 
preparations. In one such set of experiments, it was demonstrated that extraction 
of crude intermediate filament preparations with high ionic strength solutions such 
as 1 or 2 M LiCl, 1 or 2 M Kl, or 1 or 2 M KCl, buffered at either pH 7.5 or 
pH 8.5 with 20 mM Tris-ocetate, did not solubilize significant amounts of desmin, 
although both LiCl and KCl solutions did extract some additional actin and myosin 
(results not shown). 
Because desmin was not soluble at high ionic strengths, experiments were done 
to determine if desmin was soluble at very low ionic strengths. A typical experiment 
was performed as follows: 25 ml of a crude intermediate filament preparation in 
0.6 v. KCl, 20 mM Tris-HCl, pH 7.6, at a protein concentration of 6 mg/ml. 
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was pelleted by centrifugation at 17,000 x for 30 min. The pellet was 
resuspended in 25 ml of 2 mM buffer of the appropriate pH, followed by 
centrifugation at 17,000 x g^ox min. This washing procedure was repeated 
two additional times, to remove salt, and the pellet was then resuspended in 25 ml 
of the same low ionic strength buffer with a teflon-glass homogenizer. The suspen­
sion was gently stirred on a magnetic stir plate at 2°C for 5 days. The extracts 
and insoluble residues were then collected by centrifugation. SDS-gel electro­
phoresis of the extracts and residues from an experiment in which four buffers of 
different pH were used is shown in Fig. 7. Amounts of protein extracted at each 
pH are shown in Table 1. These results demonstrated that only o very small amount 
of desmin is solubilized In very low ionic strength buffers at pH 7.0, and that the 
solubility of desmin increases gradually with increasing pH. Some enrichment 
of the desmin in the extrac'rs is also obtained by this procedure. 
Although several experiments demonstrated that desmin is soluble at pH 8.5 
in low ionic strength buffers, attempts at further purification of the desmin extracted 
by this procedure was very difficult. Ammonium sulfate fractionation of the extracts 
resulted in some purification, but the precipitated desmin pellet could not be 
redissolved in nondenaturing solvents. Increasing the ionic strength of the pH 8.5, 
low ionic strength extracts decreased the solubility of the desmin, and, thus, such 
extracts could not be purified by ion-exchange chromatography or hydroxy 1 apatite 
chromatography in the absence of denaturing solvents. Gel filtration chromatography 
Fig. 7. SDS-polyacrylamide gel electrophoresis of extracts and 
residues obtained by lov/ ionic strength extraction of a 
crude intermediate filament preparation at selected pH's 
A crude intermediate preparation ^el at left) was 
suspended in 2 mM imidazole-HCI, 1 mM DTT (pH 7.0 
and pH 7.5) or in 2 mM Tris-HCI, 1 mM MCE (pH 8.0 
and pH 8.5), stirred for 5 days, and then centrifuged 
at 17,000 X g for 30 min. Extracts and residues are 
the supematarSs^nd pellets, respectively, recovered 
after centrifugation. Gels contained 7 1/2% acrylamide 
and were run according to the method of Weber and 
Osborn (1969). Each gel was loaded with 33.3 of 
protein. Approximate migration distances of polypeptides 
having the indicated subunit molecular weights are shown 
to the right of the gels. 
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Table 1. Yields of 5 day low ionic strength extraction of a crude intermediate 
filament preparation at different pH values 
Total Protein Percent^ 
pH Buffer in Extract (mg) Extracted 
7.0 2 mhA imidazole-HCl, 1 mM DTT 16 11 
7.5 2 mM imidazole-HCl, 1 mM DTT 35 23 
8.0 2 mM Tris-HCl, 1 mM DTT 54 36 
8.5 2 mM Tris-HCl, 1 mM DTT 66 44 
°Based on 150 mg of crude intermediate filaments prior to low ionic strength 
extraction. 
of similar low ionic strength extracts always resulted in the elution of the protein 
in a broad peak with little or no apparent purification. 
The limited solubility of desmin in more commonly used aqueous solutions 
led to the use of urea solutions for solubilization of the intermediate filaments and 
subsequent chromatographic purification of desmin in the presence of urea. 
Extraction of a crude intermediate filament preparation for 16-18 hr with 6 M 
urea, 5 mM EDTA, 0.1% MCE/ 10 mM sodium phosphate, pH 7.5, at2°C 
completely extracted the intermediate filaments as shown by electron microscope 
examination of the remaining insoluble pellet (Fig. 5), This micrograph is shown 
on the same page as the crude intermediate filament preparation (Fig. 4) to provide 
o direct comparison of the crude intermediate filaments before and after urea 
extraction. The desmin extracted in these urea extracts was then chromatograph-
ically purified as described in the following section. 
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Purification and Partial Characterization of Desmin 
Hydroxylapatite chromatography was used as the first step in purification of 
desmin from urea extracts of crude intermediate filament preparations. A crude 
intermediate filament preparation, prepared as outlined in Fig. 2, from 100 g 
of gizzard was washed twice with distilled water to remove excess salt and 
suspended by homogenization with a teflon glass homogenizer in 300 ml of 
6 M urea, 5 mM EDTA, 0.1% MCE, 10 mM sodium phosphate, pH 7.5. The 
suspension was stirred overnight (16-18 hr) and centrifuged at 12,000 x g^^^ 
for 1 hr. The pellet was extracted again with 200 ml of the same solution and 
centrifuged. An aliquot of the pellet was saved for analysis by polyacrylamide 
gel electrophoresis and the remainder of the pellet was discarded. The two urea 
extracts (supernatants) were combined, concentrated to a final volume of 
approximately 200 ml, and dialyzed against 6 M urea, 0.1% MCE, 10 mM sodium 
phosphate, pH 7.5, by using an Amicon DC-2 hollow fiber concentration/dialysis 
apparatus. The dialyzed urea extract contained approximately 75% of the total 
protein present in the original crude intermediate filament preparation. Additional 
actin and myosin could be removed from the crude intermediate filament preparation 
by further extraction with Kl, as mentioned in the previous section and as demon­
strated by other investigators (Lazarides and Hubbard, 1976; Small and Sobieszek, 
1977a). However, Kl extraction followed by thorough washing with water resulted 
in a granular pellet that was resistant to homogenization and thus difficult to 
dissolve in 6 M urea. For this reason and because inclusion of Kl extraction did 
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not result in a significant increase in yield of purified desmin, this step was not 
used in this purification procedure. 
The urea extract was loaded onto a hydroxylapatite column and eluted as 
shown in Fig. 8. Specific conditions for chromatography are included in the 
figure legend. Although initial experiments utilized room temperature extraction 
and chromatography in urea, later preparations were performed at 2-4° C to 
minimize modification of the protein due to prolonged exposure to urea. SDS-
polyacrylamide gel electrophoresis was used to determine the protein composition 
of the urea extract and the six pooled fractions eluted from the hydroxy I apatite 
column (Fig. 8, inset). The composition of the urea extract was similar to that 
shown previously for the crude intermediate filament preparation (Fig. 3). In 
addition to desmin, the urea extract contained major bands corresponding to 
myosin and actin, and minor components corresponding to a-actinin and a 
130,000-dalton polypeptide. The majority of the actin did not bind to the 
hydroxylapatite and was eluted in a large peak (Fr. 1) prior to initiation of the 
gradient. Desmin eluted in two peaks near the beginning of the gradient, at a 
phosphate concentration of 15-30 mM. The major peak (Fr. 3) contained 
primarily desmin, while the smaller, trailing peak (Fr. 4) contained desmin along 
with a number of contaminants, primarily proteins with molecular weights of 
130,000, 100,000 and 42,000. Although a discontinuous phosphate gradient 
was used to achieve optimum resolution of these two peaks, they could not be 
completely separated. Only Fr. 3 was used for further purification of desmin. 
Fig. 8. Elusion profile of the urea extract of a crude intermediate filament preparation from 
a hydroxylapatite column 
A total of 1,780 mg of protein in 225 ml of 6 M urea, 0.1% MCE, 10 mM 
sodium phosphate, pH 7.5, at 2°Q was loaded onto a2,5x 35 cm hydroxylapatite 
column that had been equilibrated in the same buffer. The column was eluted 
with a phosphate gradient as indicated (dashed line), prepared using an LKB 
Ultrograd gradient maker. Flow rate was 10 ml/Vir and 7.5 ml fractions were 
collected. Chromatography was done at 2-4°C. Tubes in the fractions 
indicated by the vertical dashed lines were pooled. 
Insets show SDS-polyacrylamide gel electrophoresis of the pooled fractions. 
Gels contained 7 1/2% acrylamide and were run according to the method of 
Weber and Osborn (1969). UE represents the urea extract prior to chromatography. 
Each gel was loaded with 15^g of protein. Numbers to the right of the gels 
indicate approximate migration distances of proteins having the indicated subunît 
molecular weights. Fr. 3 is the hydroxylapatite-purified desmin. 
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The tv/o peaks which elufed ot higher phosphate concentrations (Fr. 5 and Fr. 6) 
did not contain significant amounts of desmin. 
The 42,000-dalton protein, referred to as actin in the previous paragraph, 
exhibited somewhat unusual behavior during the hydroxy I apatite chromatography. 
Although most of the 42,000-dalton protein was not bound to the column and was 
eluted in Fr. 1, significant amounts of 42,000-dalton material was also found in 
Fr. 2, 4, 5, and 6. To determine if these different fractions contained actin, or 
if the 42,000-dalton polypeptide contained in these fractions was another protein 
having the same molecular weight, these fractions were examined by two-
dimensional gel electrophoresis according to the method of O'Farrell (1975) as 
modified by Allen et al. (1978). The major 42,000-dalton protein in all of 
these various fractions migrated with an isoelectric point corresponding to gizzard 
y-actin (results not shown). In on earlier experiment, both the 42,000-dalton 
component which did not bind to hydroxy I apatite (corresponding to Fr. 1, Fig. 8) 
and the 42,000-dalton component which was bound (corresponding to Fr. 5 and 6, 
Fig. 8) were identified as actin on the basis of amino acid analysis of fractions 
that had been further purified by gel filtration in 8 M urea (results not shown). 
Thus the majority of the 42,000-dalton component in the urea extract is actin, 
and the unusual behavior of the actin that occurred during hydroxylapatite 
chromatography in the presence of urea remains unexplained. 
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SDS-gel electrophoresis of the hydroxylapotite-purified desmin (Fr. 3, 
Fig. 8, inset) shows the presence of moior contaminants at molecular weights of 
42,000 (actin) and 48,000, as well as a number of minor bands In the 100,000-
to 130,000-dalton range. The 48,000-dalton component is probably a proteolytic 
breakdown product of desmin, based on the following observations: 1) significantly 
more of this polypeptide was present in preparations made from frozen muscle which 
had been completely thawed prior to use; 2) omitting EDTA from the solution used 
for preparation of crude intermediate filaments resulted in a marked increase in 
the amount of this polypeptide present in the preparations; 3) prolonged storage 
of purified desmin fractions resulted in an increased amount of this polypeptide; 
and, 4) one-dimensional peptide mapping experiments on highly purified desmin 
that had been prepared by ion-exchange chromatography as described below 
indicated the presence of a 48,000-dalfon polypeptide resulting from brief 
digestion of the desmin with a variety of proteases (O'Shea et al., 1979). To 
limit proteolysis of the desmin, the majority of the preporotions were done with 
fresh tissue. 
Several experiments performed during the early phases of this investigation 
utilized gel filtration chromatography in the presence of urea for additional 
purification of hydroxylapotite-purified desmin. In those experiments, the 
oppropriate fractions from hydroxy I apatite chromatography were concentrated to 
G small volume with an Amicon Diaflow concentrator, adjusted to a final 
concentration of 8 M urea, 1% ViCE, and heated to 80° C for 5 min. The sample 
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was then loaded onto a 2.5 x 90 cm Sepharose CL-4B column and eluted with 8 M 
urea, 20 mM sodium phosphate, pH 6.5 (Fig. 9), The protein composition of 
individual fractions was monitored by SDS-gel electrophoresis. Some actin that 
was apparently aggregated as judged by its elution position, as well as several 
higher molecular weight contaminants, eluted in the first peak (gels 1 and 2, 
Fig. 9). The actin band on these gels migrated at a slightly higher apparent 
molecular weight due to the low protein concentration of the samples and the 
resulting necessity to load relatively large volumes onto the gel. This band did 
co-migrate with purified actin. Desmin eluted in a broad peak, with the most 
highly purified desmin eluting near the beginning of the peak. Later fractions 
contained increasing amounts of actin. Although a purified fraction of desmin 
could be obtained using gel filtration chromatography, this method had several 
disadvantages. First, substantial losses occurred because of incomplete separation 
of actin and desmin. Secondly, because the sample volume that can be applied 
to a gel filtration column to obtain good separations is limited, it was necessary 
to concentrate the sample to a small volume prior to loading. Finally, and most 
importantly, adequate resolution was only achieved by using 8 M urea, room 
temperature elution, and heating of the sample prior to chromatography. These 
procedures greatly increase the likelihood of covalent modification of the protein 
by cyanate present in the urea. 
A more suitable method devised for further purification of the hydroxylapatite-
purified desmin was ion-exchange chromatography on DEAE-Sepharose CL-6B, 
Fig. 9. EluHon profile of hydroxylapatite-purified desmin from a 4% agarose gel filtrofion 
column 
A fotal of 265 mg of hydroxylapatite-purified desmin in 18.5 ml of 8 M urea, 
1% MCE, 20 mM sodium phosphate, pH 6.5, was loaded onto a 2.5 x 96 cm 
column of Sepharose CL-4B. The column was eluted with 8 M urea, 20 mM 
sodium phosphate, pH 7.0, Flow rate was 15 ml/hr and 4.5 ml fractions were 
collected. Chromatography was done at room temperature (23°C). V indicates 
the void volume of tfie column determined with Blue Dextran. The fractions 
eluting between the vertical dashed lines, which contained the purified desmin, 
were pooled. 
Inset shows SDS-polyacrylamide gel electrophoresis of individual fractions 
taken at the points indicated by arrows on the elution profile. HT is the 
hydroxylapatite-purified desmin that was loaded onto this column. Gels 1 and 2 
were loaded with approximately lO^g of protein, while the remainder of the 
gels were loaded with approximately 20/ig of protein. Gels contained 7 1/2% 
ocrylamide and were run by the method of Weber and Osborn (1969), except 
that the gels and samples contained 4 M urea. Numbers to the right of tfie 
gels show approximate migration distances of polypeptides having the indicated 
molecular weights. 
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run in the presence of 6 M urea. The hydroxylapatite-purified desmin (Fr. 3, 
Fig. 8) was diolyzed against 6 M urea, 0.1% MCE, 20 mM Tris-HCl/ pH 7.8,at 
2°C and loaded onto a 1.6 x 30 cm DEAE-SepharoseCL-6B column (Fig. 10). 
Specific details are included in the figure legend. Purified desmin eluted 
in the central portion of the major peak (Fr. 3), at a NaCl concentration of 
150-165 mM. The trailing edge of this peak (Fr. 4) contained. In addition to 
desmin, a 48,000-dalton polypeptide that was likely a proteolytic breakdown 
product of desmin, as discussed previously. Thus, purification of desmin by 
ion-exchange chromatography offers the additional advantage of being able to 
obtain desmin with only a small amount of this 48,000-dalton polypeptide. 
In general, subsequent experiments described in this investigation were 
done with desmin that had been purified by both hydroxylapatite and ion-exchange 
chromatography. Earlier experiments (Fig. 7, Table 1) showed that desmin could 
be partially extracted from crude intermediate filaments by extraction with low 
ionic strength buffers at pH 8.5. Because these experiments demonstrated that 
desmin was soluble under these conditions, the purified desmin (Fr. 3, Fig. 10) 
was diolyzed for 36-48 hr against 10 mM Tris-acetote, pH 8.5, to remove urea. 
Five mM MCE was added to the dialysis buffer for the first 24 hr. Desmin remained 
soluble after dialysis and subsequent clarification at 183,000 x g^^^ for 1 hr. 
As a summary of the extraction and purification methods used in this study, 
SDS-polyacrylamide gel electrophoresis of the major fractions is shown in Fig. 11. 
The gels indicate that desmin was nearly quantitatively extracted from the crude 
Fig, 10. Elution profile of hydroxylapatite-purified desmin from a 
DEAE-Sepharose CL-6B column 
A total of 336 mg of hydroxy I apatite-purified desmin 
(Fr. 3; Fig. 8) in 160 ml of 6 M urea, 0.1% MCE, 20 mM 
Tris-HCly pH 7.8, at2°C, was loaded onto a 1.6 x 30 cm 
DEAE-Sepharose CL-6B column that had been equilibrated 
in the same buffer. The column was eluted with a linear 
(0 to 250 mM) sodium chloride gradient in 6 M urea, 0.1% 
MCE, 20 mM Tris-HCI, pH 7.8, at 2°C (600 mis total elution 
volume). Flow rote was 10 ml/hr and 5 ml fractions were 
collected. Indicated fractions were pooled (dashed lines). 
Inset shows SDS-polyacrylamide gel electrophoresis of 
the pooled fractions numbered 1 to 5 as indicated. HT 
represents the hydroxy lapatite-purified desmin prior to 
chromatography. Gels contained 7 1/2% acrylamide and 
were run according to Weber and Osbom (1969). Each 
gel was loaded with 15^g of protein. Numbers to the 
right of the gels show approximate migration distances of 
polypeptides having the indicated molecular weights. Fr. 3 
is the purified desmin. 
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Fig. n . SDS-polyacrylamide gel electrophoresis of the major 
fractions obtained during extraction and purification 
of desmin 
Gels contained 7 1/2% acryiamide and were run 
according to the method of Weber and Osborn (1969). 
Each gel was loaded with 20of protein. Numbers 
at the right of the gels indicate the approximate 
migration distance of polypeptides having the indicated 
molecular weights. 
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inf-ermediate filament preparation by 6 M urea. The DEAE-Sepharose-purifîed 
desmin migrated primarily as a single band. Densitometry (Fig. 12) indicated 
that 98% of the total protein migrated in the desmin band on this gel. In the 
majority of the preparations, the purified desmin contained three or four very minor 
contaminants in the 100,000- to 130,000-dalton range, only one of which con be 
seen in Fig. 11. In general, these contaminants comprised less than 1-2% of the 
total protein as measured by gel densitometry. These contaminants could not be 
removed by chromatography, but a completely homogeneous sample, as judged by 
SDS-gels, could be obtained by preparative SDS-gel electrophoresis as will be 
described in a later section (Fig. 34). The 48,000-dalton proteolytic breakdown 
product of desmin made up less than 3% of the total protein in the majority of 
preparations of purified desmin. Quantitative densitometry of SDS-gels was 
used to calculate the percentage of desmin in the various fractions obtained 
during the purification in order to determine relative yields and percent recovery 
at each step. These results (Table 2) show that desmin makes up approximately 
5% of the total protein in homogenized gizzard muscle and 20% of the protein 
in the crude intermediate filament preparation. Approximately 20% recovery 
was achieved by the overall procedure. Some losses were incurred during the 
early stages of the preparation, primarily due to the large number of homogenization, 
extraction and centrifugation steps needed to isolate the native intermediate 
filaments. Major losses occurred during hydroxylapatite chromatography, due 
both to losses during concentration of the sample prior to chromatography and to 
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Fig. 12. Densitometer scan of an SDS-polyacrylamide gel of 
purified desmin 
The gel of DEAE-Sepharose-purified desmin 
shown in Fig. 13 was scanned at a wavelength of 
550 nm as described in the Materials and Methods. 
Table 2. Summary of purification of turkey gizzard desmin^ 
Total Purity^ Total^ Recovery*^ Fold 
Fraction Protein (mg) (%) Desmin (mg) (%) Purification 
Gizzard Homogenate 15,000® 5 750 100 1.0 
Washed Myofibrils 8,210 8 657 88 1.6 
Myofibrils After ATP Extraction 4,460 13 580 77 3.0 
Crude Intermediate Filaments 2,450 20 489 65 4.0 
Urea Extract 1,780 24 427 57 5.0 
Hydroxylapatite-Purified Desmin 336 79 265 35 16.0 
DEAE-Sepharose-Purified Desmin 156 98 153 20 20.0 
^Results from a representative preparation beginning with 100 g (wet weight) turkey gizzard muscle. 
^Determined by quantitation of densitometer traces of SDS-gels of each fraction. The amount of desmin 
(^g) on each gel was calculated from an experimentally determined standard curve of peak area vs^g desmin 
loaded. Purity =^g desmin i ^g of sample loaded onto gel x 100. 
^Total Desmin = Total Protein x Purity. 
^Percent recovery based on the amount of desmin in the original gizzard homogenate. 
®The SDS soluble protein of gizzard was estimated at 150 mg per g of muscle, wet weight. 
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the fact that only one of the two desmin-containing fractions that eluted from the 
column (Fig. 8) was used for further purification. Hydroxylapatite chromatography 
was, however, the major step in the purification, as it resulted in the greatest 
increase in relative purity. The final yield was about 150 mg of purified desmin 
from 100 g of minced gizzard muscle. 
Major fractions obtained during the chromatographic purification of desmin 
were also examined by SDS-gel electrophoresis on a slab gel (Fig. ISA) run 
according to the method of Laemmli (1970). This gel system is capable of 
resolving several proteins with molecular weights greater than 100,000 that were 
not well-resolved on SDS-gels run according to Hie method of Weber and Osbom 
(1969) as shown in Fig. 11. These proteins were successfully separated from desmin 
by hydroxylapatite chromatography. Purified desmin also migrated primarily as a 
single band on this gel system, with a small amount of material migrating at a 
slightly lower molecular weight, corresponding to the proteolytic breakdown product 
described earlier. This gel system is also capable of resolving tubulin, which 
migrates at a molecular weight of 55,000 on gels run by the method of Weber and 
Osbom (1969), into the «- and yS "tubulin subunits (Fig. 13B). Purified chicken 
brain tubulin^ does not co-migrate with desmin, thus indicating that tubulin and 
desmin are distinct proteins and that the purified desmin does not contain tubulin. 
^Purified chicken brain tubulin was generously provided by Dr. P. J. Bechtel, 
Iowa State University, Ames, Iowa. 
Fig. 13. SDS-polyacrylamide slab gel electrophoresis of fractions obtained during 
the purification of desmin and co-electrophoresis of desmin and tubulin 
Slab gels containing 7 1/2% acrylamide were run according to the 
method of Laemmli (1970). Protein standards at the indicated molecular 
weights were: myosin heavy chain (200,000), U-actinin (100,000), 
bovine serum albumin (68,000), desmin (55,000), actin (42,000) and 
carbonic anhydrase (29,000). 
A) Electrophoresis of the urea extract of a crude intermediate 
filament preparation (15/ig), hydroxylapatite-purified desmin (8/4g), 
and the final DEAE-Sepharose CL-6B-purified desmin fraction (8fig), 
B) Co-electrophoresis of purified desmin and chicken brain tubulin. 
Lanes 1 and 2 were loaded with 2 fig of purified desmin. Lanes 2 and 3 
were loaded with 2/ig of purified chicken brain tubulin. 
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Izant and Lazarides (1977) examined KCl- and Kl-insoluble intermediate 
filament preparations from chicken gizzard by two-dimensional electrophoresis 
and reported the presence of two proteins, having slightly different isoelectric 
points, migrating at a molecular weight corresponding to that of desrrin. These 
two proteins, which were presumably isoelectric variants of desmin, were termed 
(K-desmin and ^ -desmin, with a-desmin being the most acidic variant. Further­
more, these authors maintained that the actin present in actomyosin extracts of 
gizzard was primarily the minor, -variant of actin, as opposed to the major, 
y-variant that is the primary actin variant found in purified gizzard actin 
(Rubenstein and Spudich, 1977; Zechel and Weber, 1978). To determine the 
distribution of the isoelectric variants of both actin and desmin present at 
various stages during purification of desmin and to determine if prolonged exposure 
to urea resulted in modification of the purified desmin, samples of ttie major 
fractions obtained during the purification procedure were examined by two-
dimensional electrophoresis according to the method of O'ParrelI (1975) as 
modified by Allen et al. (1978). Purified porcine skeletal actin, which migrates 
as the a-actin variant, and purified gizzard actin, which migrates primarily as 
the y-actin variant (Rubenstein and Spudich, 1977; Zechel and Weber, 1978), 
were used as standards to identify the positions of the isoelectric variants of both 
actin and desmin. The gizzard actin was further characterized as the y-variant 
by virtue of the fact that it co-migrated with the y-variant of actin isolated from 
liver on one-dimensional isoelectric focusing gels (results not shown). 
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Two-dimensional electrophoresis of an 8 M urea extract of minced gizzard 
(Fig. 14A) shows two major spots at a molecular weight of 55,000, corresponding 
to the Qc- and )g -desmin variants described by Izont and Lazarides (1977). The 
variant with the more basic isoelectric point, jg-desmin, is clearly the more 
prominent of the two variants, comprising 70-80% of the total protein migrating 
at this molecular weight. y-Actin is the major actin variant in this sample. A 
small amount of/S-actin can also be identified. In the isoelectric focusing 
dimension, y-actin migrates between the two desmin variants, with an isoelectric 
point only slightly more basic than that of a-desmin. The two subunits of tropo­
myosin can also be identified in this sample. The distribution of the isoelectric 
variants of both actin and desmin in an 8 M urea extract of a gizzard myofibril 
preparation (Fig. 14B) is essentially identical to that seen in the original gizzard 
homogenate (Fig. 14A). Most of the actomyosin in the myofibril preparation was 
extracted during the ATP extraction steps (Fig. 3, Table 2). The actin in this 
actomyosin (ATP extract) migrated primarily as the y-actin variant (Fig. 14D). A 
small amount of yS-actin can be seen in both of the gels of the ATP extracts. 
Fig. 15 shows the results of two-dimensional electrophoresis of the fractions 
obtained during purification of desmin after isolation of crude intermediate filaments. 
The cctin present in the urea extract of the crude intermediate filaments (Fig. 15A) 
and the very small amount of actin in the hydroxylapatite-pjrified desmin (Fig. 15B) 
migrated as the y-actin variant. The distribution of the desmin variants in all of 
Fig. 14. Two-dimensional gel electrophoresis of fractions obtained during the preparation 
of crude intermediate filaments 
The direction of migration in both the first dimension (isoelectric focusing) 
and second dimension (SDS-gel electrophoresis) are indicated. The acidic end 
of the pH gradient In the isoelectric focusing dimension is to the left. Spots 
corresponding to the isoelectric variants of actin, desmin and tropomyosin are 
labelled. Samples were as fol lows: (A) 8 M urea extract of a whole gizzard 
homogenate, (B) 8 M urea extract of a washed myofibril preparation, (C) 
Protein extracted from washed myofibrils by ATP solution, and (D) The 
ATP extract with purified porcine skeletal and chicken gizzard actins added 
as standards. Very high molecular weight polypeptides such as the myosin 
heavy chains do not enter the Isoelectric focusing gel and are not resolved 
on these gels. 
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Fig. 15. Two-dimensional gel electrophoresis of fractions obtained during the 
chromatographic purification of desmin 
The direction of migration in both the first dimension (isoelectric 
focusing) and second dimension (SDS-gel electrophoresis) are indicated. 
The acidic end of the pH gradient in the isoelectric focusing dimension 
is to the left. Spots corresponding to the isoelectric variants of desmin 
and actin are leveled. Samples were as follows: (A) Urea extract of 
a crude intermediate filament preparation prior to hydroxylapatite 
chromatography, (B) Hydroxylapatite-purified desmin, (C) The final 
purified desmin after DEAE-Sepharose CL-6B chromatography, and 
(D) DEAE-purified desmin with purified porcine skeletal and chicken 
gizzard actins added as standards. 
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these samples is essentially tfie same and is also the same as that seen in the original 
gizzard homogenate (Fig. 14A), The presence of the two desmin variants in the 
purified desmin. In the same relative proportions as that seen in the original gizzard 
homogenate, offers additional evidence that these two proteins are isomeric variants 
of desmin and demonstrates that the purification procedure used in this investigation 
did not selectively isolate one of the variants. The absence of additional spots in 
the sample of purified desmin (Fig. 15C) and the fact that the isoelectric positions 
of desmin relative to the actin standards (Fig. 15D) did not change during the 
preparation demonstrate that the purification of desmin by chromatography in 
urea did not result in significant charge modification. A number of additional, 
more acidic variants were observed in samples that had been extracted or 
chromatographed in urea at room temperature. This indicated the importance of 
performing all purification procedures at 2-4°C. 
As mentioned previously, desmin is soluble in 10 mM Tris-acetate, pH 8.5, 
after extensive dialysis to remove urea. Analytical ultracentrifugation shows that 
purified desmin sediments as a single peak (Fig. 16) when examined in 10 mM Tris-
acetate, pH 8.5. Observed sedimentation coefficients of 4.6 S and 4.0 S were mea­
sured at protein concentrations of 3.46 mg/ml and 8.27 mg/ml, respectively. 
Because charge effects due to the low ionic strength of the buffer make interpretation 
of sedimentation velocity experiments more difficult, no attempt was made to deter­
mine a corrected sedimentation constant or to conduct extensive characterization of 
desmin by analytical ultracentrifugation. Charge effects in sedimentation 
Fig. 16. Sedimentation velocity patterns of purified desmin 
Samples of purified desmin at the indicated concen­
trations were sedimented in 10 mM Tris-acetate, pH 8.5. 
The temperature was 20°C. Phase-plate angle was 65° . 
Observed (uncorrected) sedimentation coefficients for the 
two samples were: (A) 4.6 S and (B) 4.0 S. 
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experiments are usually negated by adding an excess of salt (Schachman, 1959). 
However, this could not be done in these experiments because desmin aggregated 
into 10-nm filaments when the ionic strength was increased, as will be shown in 
the following section. Although the sedimentation velocity experiments are not a 
good measure of homogeneity because charge effects may mask heterogeneity under 
these conditions, the results do demonstrate that the protein is soluble in 10 mM 
Tris-acetate, pH 8,5, and that no large aggregates are present. 
The availability of highly purified desmin made it possible to examine a 
limited number of properties of the molecule. Amino acid analysis of purified 
turkey gizzard desmin (Column 1, Table 3) shows that desmin contains relatively 
large amounts of acidic amino acids, especially glutamic acid, in relation to the 
amounts of basic amino acids present. This accounts for the acidic isoelectric 
point observed for desmin by two-dimensional gel electrophoresis. No attempt 
was made, however, to quantitate the amounts of glutamine and asparagine present. 
Desmin also contains relatively small amounts of proline, cysteine and tryptophan. 
The amino acid compositions of four other 10-nm filament proteins are also included 
in Table 3 for comparison. Turkey gizzard desmin shows considerable homology with 
desmin isolated from chicken gizzard by gel filtration in SDS (Small and Sobieszek, 
1977a). Comparison of desmin to the glial fibrillary acidic protein (GFAP) from 
chicken astrocytes (Dahl, 1976) and to the fibroblast-type 10-nm filament protein 
from BHK-21 cells (Starger et al., 1978) also indicates that these three proteins 
Table 3. Amino acid analysis of 10-nm filament proteins^ 
Amino Turkey Gizzard^ Chicken^ Chicken Glial^ Baby Hamster® Bovine^ 
Acid Gizzard Filaments (GFAP) Kidney Cells Epidermis 
(BHK-21) 
Asp 8.6 ± 0.2 8.8 10.7 10.3 9.7 
Thr 5.6 i 0.1 5.7 5.6 4.8 3.9 
Ser 5.9± 0.1 7.4 5.7 6.5 10.5 
Glu 19.8± 0.4 19.7 14.6 18.7 14.8 
Pro 1.9 i 0.1 2.3 4.6 2.9 1.3 
Gly 4.0± 0.1 5.0 7.8 5.7 12.9 
Ala 9.3 ± 0.2 8.6 7.8 8.4 6.6 
Val 5.2 ± 0.3 5.0 7.0 5.4 5.7 
Cys 0.3 ± 0.0 0.5 1.3 0.8 0.9 
Met 2.6± 0.1 2.5 2.6 2.0 2.0 
lie 4.4 ± 0.1 4.2 4.9 3.8 3.8 
Leu 10.8 ± 0.4 9.9 9.2 11.2 10.2 
Tyr 2.8 i 0.2 3.0 3.0 2.3 3.7 
Phe 2.8 i 0.2 2.7 4.0 2.3 2.4 
Lys 4.9 ± 0.2 4.7 5.3 5.5 4.6 
His 1.6 * 0.1 1.6 2.3 1.5 1.2 
Arg 9.3 ± 0.2 8.7 5.0 8.1 6.5 
Trp 0.2 ± 0.0 nd^ nd nd 0.4 
®AII values expressed as mole percent. 
^Data are means plus or minus standard error of quadruplicate analyses on three separate preparations 
of DEAE-Sepharose-purified desmin, Cys was determined as cysteic acid after performic acid oxidation on 
duplicate samples from each preparation. Tryptophan was determined spectrophofometrically by the method 
of Goodwin and Morton (1946). 
^From Small and Sobieszek (1977a). 
^From Dahl (1976). 
®From Starger et al. (1978). 
^Data for the major polypeptide component (Band 5) of bovine epidermal keratin from Steinert and 
Idler (1975). 
9nd = not determined. 
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have similar amino acid compositions. Bovine epidermal keratin (Steinert and 
Idler, 1975) also shows some similarity to desmin, although the epidermal keratin 
contains significantly more serine and glycine and less glutamic acid, alanine 
and arginine than desmin. 
A number of other physical and chemical properties of desmin were determined 
in this study and the resulting experimental values are given in Table 4. The subunit 
molecular weight, as determined by SDS-gel electrophoresis (Fig. 17), was 55,000. 
The ultraviolet absorption spectrum of desmin in 10 mM Tris-acetate, pH 8.5, 
indicated a maximum at 278 nm and a measured of 5.57. The relatively low 
278 
value obtained for the extinction coefficient is in agreement with the low content 
of aromatic amino acids in desmin (Table 3). The ratio of the absorbance at 280 nm 
to that at 260 nm was 1.94, Carbohydrate analysis conducted on 1.0 mg of purified 
desmin using the phenol-sulfuric acid method (Ashwell, 1966) indicated that desmin 
contained less than 3 ^g of pentose and hexose per 1.0 mg (< 0.3% by weight). 
The ultraviolet circular dichroism spectra was measured in 5 mM sodium phosphate, 
pH 8.5 (Fig. 29), A spectrum typical of an ^-helical protein was observed and a 
value of 45% ^-helix was calculated from the mean residue ellipticity at 208 nm 
(Greenfeld and Fasman, 1969). Isoelectric points of 5.43 and 5.48 for a- and 
^-desmin, respectively, were estimated from their positions on two-dimensional gels 
relative to the positions of porcine skeletal (a) and turkey gizzard (y) actins. 
Values of 5.40 and 5.44 were used as the isoelectric points of and y-actins, 
respectively (Garrels and Gibson, 1976). 
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Table 4. Summary of some physical and chemical properties of purified turkey 
gizzard desmin 
Parameter Experimental Value 
Mp (from SDS-gel electrophoresis) 55,000 
5.57 
278 
A280/A260 1.94 
% carbohydrate (by weight) < 0.3% 
tt-helix content 45% 
Isoelectric points a 5.43 
yS 5.48 
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Fig. 17. Determination of the subunit molecular weight of desmin by 
SDS-polyacrylamide gel electrophoresis 
The subunit molecular weight of desmin was determined from 
the electrophoretic mobility on 7 1/2% acrylomide gels according 
to the method of Weber and Csbom (1969). Molecular weights 
of the protein standards used are: myosin, 200,000; ^ -galacto-
sidase, 130,000; Cx-actinin, 100,000; bovine serum albumin, 
68,000; ovalbumin, 45,000; actin, 42,000; tt-tropomyosin 
(porcine), 34,300; -tropomyosin (porcine), 36,600; carbonic 
anhydrase, 29,000. The indicated mobility of desmin corresponds 
to a molecular weight of 55,000. 
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Studies on the Self-Assembly and Structure of Filaments 
Formed by Purified Desmin In Vitro 
As shown previously, purified desmin remained soluble in 10 mM Tris-acetate, 
pH 8.5, after extensive dialysis to remove urea and clarification at 183,000 x 
for 1 hr. After further dialysis against solutions of lower pH or Increased Ionic 
strength, the purified desmin self-assembled Into filaments approximately 10 nm 
In diameter. Under appropriate conditions, the filaments remained suspended in 
solution. The suspension of filaments was transparent, highly viscous, and often 
gel-like in consistency. An example of the filaments formed by purified desminafter 
dialysis against 150 mM NaCi, 10 mM imidazole-HCl, pH 7.0, is shown in Fig. 18. 
The filaments appear as long, flexible rods with a diameter of approximately 10 nm. 
Lengths of the filaments were difficult to determine because of the tangled, 
aggregated appearance of the filaments, but filaments less than 1 ^m long were 
seldom seen and numerous filaments could be followed for distances of several ^m. 
Both a longitudinal substructure and a transverse periodicity of approximately 20 nm 
are visible in this micrograph. Further discussion of the structure of the synthetic 
filaments and comparison of these filaments with native Intermediate filaments will 
be given following a description of the experiments done to determine optimal 
conditions for self-assembly of desmin. 
Three series of experiments were done to examine the effects of pH, Ionic 
+2 
strength, and Mg ion concentration on formation of synthetic filaments. The 
effect of pH on self-assembly of desmin was determined by measuring the amount of 
Fig. 18. Electron micrograph of negatively stained filaments formed by 
dialysis of purified desmin against 150 mM NaCl, 10 mM 
imidazole-HC!/ pH 7.0 
The filaments appear as long, flexible rods that are approxi­
mately 10 nm in diameter and similar in morphology to native 
10-nm filaments (Fig. 6). Evidence for a longitudinal, pro to-
filament-like substructure can be seen (arrow). A slightly 
variable transverse periodicity of approximately 20 nm can 
also be seen in the filaments (double arrows). X 110,000. 
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protein that remained soluble after centrifugation of samples of desmin that had been 
dialyzed against low ionic strength buffers at selected pH values at 183,000 x g^^^^ 
for 1 hr (Fig. 19). Data were expressed as percent of total protein sedimented, 
which corresponds to the yield of filaments formed, based on the assumption that 
all of the protein that sedimented was present in the form of filaments. Electron 
microscope examination of the samples indicated that few nonfilamentous aggregates 
were present (Fig. 20). The data in Fig. 19 indicate that the yield of filaments 
increased (solubility of desmin decreased) as the pH was lowered below pH 8.0. 
Approximately 50 percent of the desmin was sedimented at pH 7.4 and this 
percentage increased to nearly 90 percent sedimented at pH 7.0. In the pH range 
4.5 to 6.5, which is approximately one pH unit on either side of the isoelectric pH 
of desmin, the protein formed a flocculant precipitate, and was completely insoluble. 
Electron microscope examination of a sample of desmin at pH 8.0 (Fig. 20A) 
demonstrated that no 10-nm filaments were present, although many smaller filamentous 
particles ranging in diameter from 25 to 50 A, as well as some roughly spherical 
particles, could be seen. At pH 7.0 (Fig. 20B), desmin formed large numbers of 
filaments approximately 10 nm in diameter. The average length of the filaments 
formed at pH 7.0 was 0.5 ^m, and few filaments longer than 1 ^m were seen. Thus, 
these filaments were much shorter than either native intermediate filaments (Fig. 6) 
or filaments formed from purified desmin at high ionic strength at pH 7.0 (Fig. 18). 
Electron microscope examination of samples of desmin that had been dialyzed 
Fig. 19. Effect of pH on formation of filaments from purified desmin 
One ml samples of desmin, at a concentration of 1.0 mg/ml, were 
dialyzed for 16-18 hr at 4°C against a series of buffers at different pH. 
Three different buffers with different pK^ values were used to minimize 
variations in ionic strength. Buffers used were: 10 mM sodium acetate, 
pH range 3.5 - 6.0; 10 mM irnidazole-HCl/ pH range 6.0- 7.5; and 
10 mM Tris-acetate, pH range 7.5 - 9.0. After dialysis, the samples 
were centrifuged at 183,000 x for 1 hr to pellet the filaments and 
the concentration of protein remaining in the supernatant was deter­
mined by the FoIin-Lowry procedure (Lowryetal,, 1951). Data were 
expressed as percent of total protein sedimented. The pH of each 
buffer was measured after dialysis. Open and closed circles represent 
experiments done on different preparations. Similar results were 
obtained from two other preparations. 
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Fig. 20. Electron micrographs showing the effect of pH on the formation 
of synthetic desmin filaments 
A) Negatively stained sample of desmin that had been 
dialyzed for 16-18 hr against 10 mM Tris-acetote, 
pH 8.0, showing small aggregates of 25- to 50-% 
diameter filamentous particles. Some roughly 
spherical particles are also visible. No 10-nm 
diameter filaments can be seen under these con­
ditions. X 80,000. 
B) Negatively stained filaments formed by dialysis of desmin 
against 10 mM imidazole-HCi, pH 7.0, for 16-18 hr. The 
filaments are approximately 10 nm in diameter and 0.5 
to 1.0^m in length. X 80,000. 
C) Negatively stained filaments formed by dialysis of 
desmin against 10 mM sodium acetate, pH 6.0, for 
16-18 hr. The filaments appear highly aggregated 
and variable in diameter. X 80,000. 
D) Negatively stained filaments formed by dialysis of 
desmin against 10 mM sodium acetate, pH 5.0, for 
16-18 hr. As in C, the filaments appear highly 
aggregated and variable in diameter. X 80,000. 
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against 10 mM sodium acetate, pH 6.0 and pH 5.0 (Fig. 20C and D, respectively), 
revealed the presence of large aggregates of filaments. Very few isolated 10-nm 
filaments could be seen in these samples. The majority of the filaments appeared 
to be much larger in diameter, possibly due to side-to-side aggregation of 10-nm 
filaments. As mentioned previously, the filaments formed at pH 6.0 and pH 5.0 
did not remain in suspension, but formed flocculent precipitates. Thus, the 
optimum pH for self-assembly of desmin filaments appears to be in the pH range 
of 6.5 to 7.5. 
The effect of ionic strength on filament formation was examined both at 
pH 8.5, where desmin was soluble at low ionic strength, and at pH 7.0, where 
desmin formed short, 10-nm diameter filaments at low ionic strength (Fig. 21). 
At pH 8.5, yields of filaments formed at varying ionic strengths were determined 
by high speed centrifugation (183,000 x g^^ for 1 hr) in a manner analogous to 
the experiments done to determine effect of pH. This experiment (Fig. 21, solid 
line) demonstrated that the amount of protein sedimented rapidly increased as the 
ionic strength increased. At ionic strengths greater than 0.03, 85 to 90% of the 
desmin was sedimented and electron microscope observations indicated that the 
desmin had aggregated into filaments at high ionic strength at pH 8.5 (Fig. 24B). 
Similar experiments using high speed centrifugation to determine yields of filaments 
could not be done to accurately determine the effect of ionic strength on filament 
formation at pH 7.0 because more than 90% of the desmin was sedimented at pH 7.0 in 
Fig. 21. Effect of ionic strength on the formation of filaments from purified desmin 
One ml samples of purified desmin, at a concentration of 1.0 mg/ml, 
were dialyzed for 16-18 hr at 4°C against a series of solutions of increasing 
NaCi concentration, buffered either at pH 7.0 with 10 mM imidazole-HCl 
or at pH 8,5 with 10 mM Tris-acetate. Yields of filaments were determined 
by centrifugation of the dialyzed samples at either high speed (183,000 x g 
for 1 hr) or low speed (17,000 x g^iox 30 min) and measurement of the 
amount of protein remaining in the supernatant by the Folin-Lowry procedure 
(Lowry et al., 1951). Each point is the average of duplicate determinations on 
each of two preparations of purified desmin. # # #, high speed centrifugation, 
pH 8.5; o——0--K), low speed centrifugation, pH 8.5; A- low speed 
centrifugation, pH 7,0. 
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10 mM buffer (Fig. 19). However, comparison of the filaments formed in 10 
imidazole-HCl, pH7 (Fig. 20B) with those formed in the same imidazole buffer in the 
presence of 150 mM NaCi (Fig. 18) indicated that the major effect of increasing 
ionic strength at pH 7 was on increase in the length of the synthetic filaments. 
Although the effect of ionic strength on the length of filaments formed might be 
quantitated by length measurements, the aggregated nature of the fi laments formed 
at high ionic strengths (Fig. 18) made accurate length measurement very difficult. 
Instead, desmin samples were centrifuged at relatively low g forces (17,000 x g^^^ 
for 30 min) in order to pellet the longer filaments and leave shorter filaments and 
partially assembled filaments in the supernatant. Measurements of the yields of 
filaments formed at pH 7.0 at varying ionic strengths, as determined by low speed 
centrifugation, (Fig. 21, dashed line, triangles) shows that the yield of filaments 
gradually increased with increasing ionic strength and that the greatest yield 
(95-97% of the total protein) was obtained at an ionic strength of 0.13-0.16. The 
increase in the amount of desmin sedimented at higher ionic strengths was probably 
due not only to an increase in filament length, but also to aggregation of the 
filaments, as the solutions of filaments formed at high ionic strengths were gel­
like in consistency and difficult to spread for examination by negative staining in 
the electron microscope. Indeed, conditions were not found which produced long 
filaments that were not aggregated to some degree. Yields of filaments formed at 
pH 8.5 at varying ionic strengths were also determined by low speed centrifugation 
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(Fig. 21, clashed line, open circles), and the results indicate that yields of filaments 
were significantly less than those obtained at pH 7 at all comparable ionic strengths 
tested up to an ionic strength of about 0.15. Results similar to those shown in Fig. 21 
were obtained by substituting KCl for NoCl, or by increasing the concentration of 
the buffer, thus demonstrating that the effect was due to ionic strength and was not 
specific for Na^ ion. 
The results shown in Fig. 21 demonstrated that only 10% of the protein in a 
sample of desmin dialyzed against 10 mM imidazole-HCl, pH 7, was sedimented at 
17,000 X even though a similar sample was greater than 90% insoluble when 
measured by high speed centrifugotion. Comparison of electron micrographs of a 
sample of filaments formed by dialysis against 20 mM imidazole-HCl, pH 7.0, prior 
to centrifugotion (Fig. 22A) with the low speed supernatant recovered after 
centrifugotion of the some sample (Fig. 22B) revealed that the material that did 
not sediment consisted of short segments of 10-nm diameter filaments, as well 
as a number of smaller, 20- to 25-1 diameter filamentous particles, termed 
protofilaments. A number of globular particles, about 15 nm in diameter, were 
also present, and often appeared to be associated with the protofilaments. Several 
loose bundles of pro to filaments that appear to be in the process of assembling into 
10-nm filaments con be seen in this micrograph (Fig. 22B). If the supernatant was 
allowed to stand for several hours prior to examination in the electron microscope, 
longer filaments were formed, and the supernatant then appeared similar to the 
Fig. 22. Electron micrographs of negatively stained filaments formed from 
purified desmin in 10 mM imidazole-HCl, pH 7.0, before end 
after low speed centrifugation 
A) Filaments formed by purified desmin after overnight dialysis 
against 10 mM imidazole-HCl, pH 7.0. Several 10-nm 
diameter filaments are visible, ranging in length up to 
l^m. X 100,000. 
B) Supernatant after centrifugation of the sample described in 
A at 17,000 X g for 1 hr. Only short 10-nm diameter 
filaments, less tPuS^ 300 nm in length, remain in the super­
natant. Numerous pro to filaments, 20 to 25 A in diameter 
can be seen (small arrows). In some cases, the proto-
filaments appear to be in the process of assembling into 
10-nm filaments (large arrows). Roughly spherical 
particles, approximately 15 nm in diameter, often appear 
associated with the filaments. X 100,000. 
Fig. 23. Electron micrographs of negatively stained filaments from 
purified desmin at different concentrations of NaCi at 
pH 7.0 
A) Filaments formed by overnight dialysis of desmin against 
10 mM Nad, 10 mM imidazole-HCl, pH 7.0. The 
filaments in this micrograph do not appear significantly 
different from those formed at pH 7 in the cijsence of 
NaCi (Fig. 22A, Fig. 20B). X 100,000. 
B) Single filament formed by dialysis of desmin against 
25 mM Nad, 10 mM imidazole-HCl, pH 7.0. Note 
the relative absence of short, partially polymerized 
filament or pro to filaments in the background. 
X 100,000. 
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original, uncentrifuged sample (Fig. 22A). Although the protofilaments and 
partially assembled filaments seen in the supernatant were obviously present in 
the original sample, they are not as clearly seen in the original sample because 
of the difference In stain Intensity between the two micrographs shown here 
(Fig. 22A and B). These results provide evidence for an equilibrium between 
protofilaments and fully assembled filaments under these solvent conditions, and 
suggest that the 10-nm filaments may be comprised of 20-25 1 diameter subunits, 
in agreement with the longitudinal substructure commonly seen in fully poly­
merized filaments (Fig. 18). Examination of samples of filaments formed at 
pH 7 In the presence of 10 or 25 mM NaCi (Fig. 23) indicated that as the ionic 
strength increased, the number of short, partially polymerized filaments visible 
In the background decreased. No short, partially polymerized filaments or 
pro to filaments can be seen in samples of filaments formed in 150 mM NoCl, 10 mM 
imIdazole-HCl, pH 7.0(Figs. 18 and 24A). In combination with the quantitative 
data shown in Fig. 21, these results indicate that the optimum ionic strength for 
formation of filaments at pH 7.0 is approximately 0.13 to 0.16. 
The quantitative data In Fig. 21 also show that similar yields of filaments 
were obtained In 150 mM NaCl at either pH 7.0 or pH 8.5. The morphologies 
of the filaments formed under these two conditions were, however, quite different 
(Fig. 24). The filaments formed in 150 mM NoCi, 10 mM Tris-acetate, pH 8.5, 
(Fig. 24B) were much more variable in diameter, often appeared highly branched. 
Fig. 24. Electron micrographs comparing the morphology of the filaments 
formed from purified desmin In the presence of 150 mM NaCi at 
pH 7.0 and pH 8.5. 
A) Negatively stained filaments formed by dialysis of desmin 
against 150 mM NaCl, 10 mM imidazole-HCl, pH 7.0, for 
16-18 hr. The filaments have a fairly regular diameter of 
approximately 10 nm and lengths of up to several ^m. No 
protofilaments or partially assembled filaments can be seen. 
X 100,000. 
B) Negatively stained filaments formed by dialysis of desmin 
against 150 mM NaCi/ 10 mM Tris-acetate, pH 8.5, for 
16-18 hr. The filaments appear to be variable in 
diameter and are highly branched. Many short filaments 
and small numbers of pro to filaments are visible. 
X 100,000. 
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and were generally shorter than were filaments formed at the same ionic strength at 
pH 7.0 (Fig. 24A). At either pH, dialysis of desmin against solutions containing 
NaCi at a concentration greater than 200 mM resulted in precipitation of the 
filaments. In experiments not shown, it was found that desmin remained completely 
insoluble at concentrations of NaCl up to 500 mtA, 
The effects of ion concentration on self-assembly of filaments from 
purified desmin were examined at both pH 7.0 and pH 8.5 by methods analogous 
to those used to determine the effects of ionic strength. Yields of filaments at 
pH 7.0 were determined by low speed centrifugation. Yields at pH 8.5 were 
determined both by low and high speed centrifugation. The results of this 
experiment (Fig. 25) demonstrate that increasing the MgClg concentration was 
much more effective in promoting formation and elongation of filaments than was 
increasing the ionic strength. Effects similar to those observed at an ionic 
strength of approximately 0.10 (Fig. 21) were obtained at a MgCl2 concentration 
of 10 mM (Fig. 25). The ionic strength of 10 mM MgCl2/ TO imidazole-HCl, 
pH 7.0, is 0.038. Electron microscope observations indicated that the structure 
of the filaments formed in the presence of Mg"*"^ was similar to the structure of 
the filaments formed in the presence of NaCl. Filaments formed at pH 7.0 in 
the presence of 1 mM MgCl2 (Fig. 26A) were very similar in appearance to 
filaments formed at pH 7.0 in the presence of 25 mM NaCl (Fig. 23B), two 
conditions in which yields of fi laments as determined by low speed centrifugation 
Fig. 25. Effect of Mg"^^ concentration on the formation of filaments from purified desmin 
One ml samples of purified desmin, at a concentration of 1.0 mg/ml, were 
dialyzed for 16-18 hr at 4°C against a series of solutions of increasing MgCl2 
concentration, buffered either at pH 7.0 with 10 mM imidazole-HCl or at 
pH 8.5 with 10 mM Tris-acetate. Yields of filaments were determined by 
centrifugation of the dialyzed samples at either high speed (183,000 x g^^y 
for 1 hr) or low speed (17,000 x g^ax 30 min) and measurement of the 
amount of protein remaining in the supernatant by the Folin-Lowry procedure 
(Lowry et al., 1951), Each point is the average of duplicate determinations 
on each of two preparations, m # #, high speed centrifugation, 
pH 8.5; o o o, low speed centrifugation, pH 8.5; A —-a 
low speed centrifugation, pH 7.0. 
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are comparable (compare Fig. 21 and Fig. 25). Under these conditions, the filaments 
average about 1 in length and, although several very short filaments are present 
(Fig. 26A), relatively few partially assembled filaments or pro to filaments can be seen. 
Filaments formed at pH 7.0 in the presence of 10 mM MgCl2 (not shown) appeared 
identical to the filaments formed at pH 7.0 in the presence of 150 mN\ NcCi 
4-9 (Fig. 18 and Fig, 24A), The effect of Mg on filament formation was most 
evident at pH 8.5 where desmin was completely soluble in the 10 mM buffer in the 
absence of MgClj/ but self-assembled into short, 10-nm diameter filaments after 
dialysis against 1 mM MgCl2/ 10 mM Tris-acetate, pH 8.5 (Fig. 26B). A few 
partially assembled filaments and many protofilaments can be seen in this micro­
graph (Fig. 26B). The 20- to 25-1 diameter pro to filaments often appear to be 
about 40 to 50 nm in length. A few of the globular particles, about 15 nm in 
diameter, that were seen in other samples of partially polymerized desmin 
(Fig. 22B) are also present in this sample. It is not yet known if the effect of 
MgCl2 on the self-assembly process is specific for or if similar effects 
could be obtained with other divalent cations, because others were not tested. 
Preliminary studies indicated that filaments formed in 5 mM EDTA, 10 mM 
imidazole-HCl/ pH 7.0 (result not shown) were similar both in appearance and 
yield to filaments formed in 10 mM imidazole-HCl, pH7.0(Fig. 20B). This result 
indicated that Mg"^ is not an absolute requirement for the self-assembly of 
desmin filaments. 
Fig. 26. Electron micrographs of negatively stained filaments formed 
from purified desmin in the presence of 1 mM MgCU at pH 
7.0 and pH 8.5 
A) Filaments formed by dialysis of desmin against ImM 
MgCi2/ 10 m A/ imidazole-HCl/ pH 7.0, for 16-18 hr. 
Ten-nm diameter filaments about 1 ^m in length, as 
well as several shorter filaments, can be seen. Rel­
atively few partially assembled filaments or proto-
filaments are visible, X 100,000. 
B) Filaments formed by dialysis of desmin against 1 mM 
MgCl2/ 10 mM Tris-ocetate, pH 8.5, for 16-18 hr. 
Short, 10-nm diameter filaments, generally less than 
0.5 ^ m in length, are formed under their conditions. 
Many partially assembled filaments and 20- to 25-A 
diameter pro to filaments are visible, as well as a few 
globular particles of variable diameter. Some of the 
protofilaments appear to be about 40-50 nm in length 
(arrows). X 100,000. 
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The results of the experiments done to determine, individually, tfie effects 
of pH, ionic strength, and ion concentration on the self-assembly of desmin 
indicated that, of the conditions tested, optimal conditions for filament formation 
were at pH 7.0 to 7.5, at either monovalent salt concentrations of 120 to 150 mM 
or A/\gCl2 concentrations of 5 to 10 mM. Filaments very similar to those formed 
under these optimal conditions could also be obtained at pH 7.0 in the presence of 
both 1 mM MgCl2 and 100 mM NaCL Although these experiments were normally 
conducted at a protein concentration of 1.0 mg/ml, relative yields and appearance 
of filaments formed under optimal conditions did not vary at protein concentrations 
from 0.5 to 8.0 mg/ml. Pellets of filaments that had been formed at pH 7 in the 
presence of 150 mM NaCl and collected by centrifugation at 17,000 x g^^ for 
30 min could be redissolved by homogenization in 10 mM Tris-acetate, pH 8.5, 
5 mM MCE, and subsequent dialysis for 24 to 36 hr against 10 mM Tris-acetate, 
pH 8.5, to lower the ionic strength. Approximately 70% of the protein originally 
present in the filaments was recovered in a soluble form following clarification of 
the dialyzed sample at 183,000 x g^^ for 1 hr. This resolubilized desmin 
assembled into filaments after further dialysis against 150 mM NaCi, 10 mM 
imidazole-HCl, pH 7, indicating that the self-assembly process was reversible. 
The kinetics of filament assembly were followed by monitoring the turbidity 
of solutions of desmin. Both theoretical calculations (Berne, 1974) and experimental 
determinations on the assembly of microtubules (Gaskin et a!., 1974) have shown 
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that, for solutions of rod-like particles whose length (l) Is large in comparison to the 
wavelength (À) of the light used for measurements, the turbidity of the solution is 
proportional to the total weight concentration of scattering particles and is largely 
independent of ifie length distribution of the particles. To maximize sensitivity, a 
wavelength of 300 nm was chosen for the turbidity experiments. Electron micro­
scope observations of filaments formed in 150 mM NaCi, 10 mM imidazole-HCl, 
pH 7.0, (Fig. 18) indicated that many of the filaments were greater than 3^m 
in length. This gives a ratio of L/X of 10, and thus, turbidity measurements 
should provide on adequate method for following filament assembly. For these 
experiments, desmin was dialyzed against 1 mM KHCOg (approximate pH of 7.9), 
and then clarified at 183,000 x g for 1 hour. The protein remained soluble under 
these conditions. The assembly process was initiated by addition of a concentrated 
"polymerization" buffer to give final concentrations of 150 mM NaCi, 10 mM 
imidazole-HCl, pH 7.0. Filaments formed by this procedure appeared identical to 
filaments formed by dialysis as determined by electron microscopy. 
The kinetics of assembly of desmin filaments at different protein concentrations 
at 20°C are shown in Fig. 27A. In all cases, on immediate sharp rise in the 
turbidity was seen, followed by a slow gradual increase in turbidity over a period 
of several hours. The initial rate of the assembly process was not significantly 
slower in experiments done at a temperature of 5°C (results not shown); however, 
the final turbidity values at 5°C were not attained until about 10 hr. When the 
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final turbidity values (measured at 20°C, after 6 hr) were plotted against protein 
concentration, a straight line was obtained (Fig. 27B). Extrapolation of this 
line to a value of zero turbidity (absorbance) gave a critical concentration for 
assembly of desmin of 55^g/ml under these conditions. Below this concentration, 
filaments are not formed, in accordance with the theories of Oosawa and Kasai 
(1962) for helical aggregation of proteins. Some error in this value might be 
expected due both to variations in the length of the filaments and possible presence 
of desmin that was denatured or incapable of assembling into filaments. The 
critical concentration is a constant for a specific set of assembly conditions and, 
thus, the value determined in this investigation provides a reference for future 
measurements on the effect of other solutions on the assembly process. 
Comparison of the appearance of synthetic filaments formed by purified desmin 
under optimal conditions (Fig. 18 and Fig. 24A) to the appearance of native 
intermediate filaments (Fig. 6) indicates that the overall morphologies of both 
types of filaments are similar. Both synthetic and native filaments are relatively 
smooth sided, long, flexible rods, without visible surface projections. Diameter 
measurements on synthetic filaments formed in 150 mM NaCl, 10 mM imidazole-HCl 
pH 7.0, gave an average diameter of 10.6 ± 1.5 nm (mean ± standard deviation 
for n = 350; range =7.5 to 13 nm) compared with a diameter of 10.1 ± 1.3 nm 
(range = 8 to 12 nm) reported previously for native filaments. Thus, the diameter 
of the synthetic filaments appears to be slightly larger as well as more variable 
Fig. 27. Turbidometric studies on the se'.^-assembly of desmin 
A) Time course of assembly of desmin at different protein 
concentrations. Desmin that had been dialyzed for 
24 hr against 1 mM KHCO^ and subsequently clarified 
of 183/000 X g for 1 hr was polymerized by addition 
(represents zero time) of a concentrated buffer solution 
to give final concentration of 150 mM NaCi, 10 mM 
imidazole-HCl, pH 7.0. Final protein concentrations used 
were: 1) 0.23 mg/ml; 2) 0.47 mg/ml; 3) 0.70 mg/ml; 
4) 0.93 mg/ml; and, 5) 1.17 mg/ml. 
Measurements were corrected for the absorbance of 
unpolymerized desmin at 300 nm. Measurements were 
made at a temperature of 20° C. 
B) Determination of critical concentration from turbidity 
measurements. The final turbidity increase (after 6 hr) 
of samples of desmin polymerized in 150 mM NaCi, 
10 mM imidazole-HCl, pH 7.0, was plotted against the 
protein concentration. Extrapolation of the line to 
zero absorbance gives a critical concentration for the 
self-assembly process of 0.55 mg/ml under these 
conditions. Open and closed circles represent 
measurements on different preparations of desmin. 
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than the diameter of the native filaments. Comparison of the fine structure of 
the native and synthetic filaments shown in Fig. 28 demonstrates that both types 
of filaments appear to be comprised of a number of 20- to 25-1 diameter proto-
filaments, possibly arranged in a helical array (Fig. 28 A, C, E, F and J-L). 
Three or four pro to filaments are visible on one side of the filaments, but the 
number of pro to filaments present in a single 10-nm filament cannot be accurately 
determined from these micrographs. Some synthetic filaments show an additional 
transverse periodicity of about 20 nm (Fig. 18 and Fig. 24 B/G) that appears as a 
series of constrictions along the filament. This periodicity is seen only very 
infrequently in native filaments and may represent a repeat distance in the 
packing of the pro to filaments that is exaggerated in some of the synthetic 
filaments. The synthetic filaments normally have blunt ends (Fig. 28 B and F) 
and lack the amorphous material commonly seen at the ends of native filaments. 
Although the synthetic filaments appear to differ slightly in some fine structural 
detail in comparison to the native filaments, the overall structure of the native 
and synthetic filaments appears very similar as judged by electron microscopy 
studies. 
The secondary structure of desmin was examined by measurement of the 
ultraviolet circular dichroism spectra of samples of both unpoiymerized desmin 
in 5 mM sodium phosphate, pH 8.5, and the assembled filaments in 150 mM NaCi, 
5 mM sodium phosphate, pH 7.0 (Fig. 29). The spectrum of the unpoiymerized 
Fig. 28. Electron micrographs comparing the structure of negatively 
stained synthetic and native 10-nm diameter filaments 
A - I )  F i l a m e n t s  f o r m e d  f r o m  p u r i f i e d  d e s m i n .  F i l a m e n t s  i n  
E and F were formed by dialysis of desmin against 
20 mM Nad, 10 mM imidazole-HCl, pH 7.0. The 
remainder of the synthetic filaments were formed by 
dialysis of desmin against 150 mhA NaCi/ 10 mM 
imidazole-HCl, pH 7.0. Ends of filaments (arrows in 
B and F) appear blunt and do not appear to be frayed. 
Longitudinal substructure, consisting of protofilaments 
20- to 25- Â in diameter, is visible in several of the 
filaments (double arrows in A, C, E and F). 
Occasionally, a transverse periodicity of about 
20 nm that appears as a series of constrictions 
along the filament can also be seen (heavy arrows 
in B and G). All X 142,000. 
J - L) Native intermediate filaments present in a crude inter­
mediate filament preparation. The filaments appear to 
be slightly more uniform in diameter and slightly smaller 
in diameter than the synthetic filaments. A longitudinal 
substructure analogous to that seen in the synthetic fila­
ments is visible in all of the micrographs (double arrows). 
All X 139,000. 
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(soluble) desmîn shows two negative extrema at 208 and 222 nm and appears 
similar to the spectra of polypeptides that are primarily (^'helical (Greenfeld 
and Fasman, 1969). Calculations of tfie percent a~helix, based on the 
ellipticity at 208 nm and using Method I described by Greenfeld and Fasman 
(1969), gave a value of 45% tt-helix for the soluble desmin. No attempt was 
made to quantitate the contributions made by ^ structure and random coil to rfie 
circular dichroism spectra. The spectrum of the polymerized desmin shows 
increases In both of the negative extrema relative to the spectrum of the unpoly-
merized protein. The extremum near 220 nm shows a greater increase than the 
extremum at 208 nm, and is shifted slightly to lower wavelengths (from 222 nm 
to 220 nm). The differences in the intensity of the observed spectrum of the 
polymerized desmin relative to the spectrum of the unpolymerized protein are 
similar to changes in the spectrum of a-helical poly-L-glutamic acid that occur 
during lateral aggregation of the «-helical polypeptides (Cassim and Yang, 1967). 
Cassim and Yang (1967) observed red shifts of about 1 nm in the positions of the 
extrema at 208 and 220 nm after aggregation of poly-L-glutamic acid. The shift 
of Hie extremum near 220 nm to slightly lower wavelengths (blue shift) observed 
in this experiment (Fig. 29) may suggest that the changes seen in the circular 
dichroism spectra of desmin after self-assembly are due not only to lateral aggregation 
of the molecules but also to possible conformational changes within the molecules. 
As a final step in the studies on the structure of desmin filaments. X-ray 
Fig. 29. Circular dichroism spectra of purified desmin 
Dashed line is the spectrum of unpolymerized desmin, 
measured in 5 mM sodium phosphate, pH 8.5, at a protein 
concentration of 0.041 mg/ml. Solid line is the spectrum 
of polymerized desmin, measured in 150 mM NaCi, 5 mM 
sodium phosphate, pH 7.0, at a protein concentration of 
0.080 mg/ml. Cell path length was 1.0 cm and temper­
ature was 23° C. 
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diffraction patterns were obtained from oriented samples of filaments. The filaments 
used in these studies were formed from purified desmin by dialysis against 150 mM 
NaCi/ 10 mM imidazole-HCl, pH 7.0. The X-ray diffraction pattern of the filaments 
(Fig. 30) shows equatorial spots at 9.8 Â and meridional arcs at 5.17 
Meridional arcs near 5.15 1 are commonly attributed to reflections arising from 
proteins arranged in an a-helical, coiled-coil conformation (Crick, 1952; Pauling 
and Corey/ 1953). The X-ray diffraction pattern of the synthetic desmin filaments 
is, thus, characteristic of proteinsof the k-m-e-f (keratin-myosin-epidermin-fibrin) 
class of a proteins. 
Studies on Desmin Purified by Acetic Acid Extraction 
While investigations on the purification, properties, and self-assembly of 
desmin, as described in the previous three sections, were in progress. Small and 
Sobieszek (1977a) published a procedure for purification of a 55,000-dalton 
intermediate filament protein from chicken gizzard and hog stomach muscle. These 
investigators reported that a purified sample of their protein, which they termed 
"skeletin", could be obtained by acetic acid extraction of acfomyosin-extracted 
muscle residues. Skeletin, as prepared by this procedure, appears to be very 
similar to desmin.. based upon comparisons of subunit molecular weight, solubility 
properties, and amino acid analysis. 
To determine if the procedure of Small and Sobieszek (1977a) provided a 
viable alternative to the chromatographic procedures described earlier for 
Fig. 30. Wide angle X-ray diffraction pattern of synthetic 
filaments formed from purified desmin 
Dried samples of synthetic filaments were oriented 
normal to the X-ray beam and exposed to CuK^ 
radiation ( A = 1.54 1) in an atmosphere of dry heliumo 
Equatorial spots and meridional arcs are visible at 9.8 A 
and 5.17 A, respectively. 
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purification of desmin, several experiments were done to prepare desmin by their 
procedure. SDS-ge! electrophoresis analysis of fractions obtained during a 
representative experiment in which desmin was prepared according to their 
methods is shown in Fig. 31. This procedure involved the following steps: 
1) Preparation of washed myofibrils; 2) extraction of the myofibrils with ATP 
solution; 3) further extraction with 0.6 M KCl solution, containing 1 mM EDTA, 
5 mM ATP, 1 mM cysteine,and 40 mM imidazole-HCl, pH 7.0; 4) extraction of the 
KCl-insolubie residue with 1 M Kl, 20 mM imidazole-HCl, pH 7.0, and; 5)extraction 
of the Kl-extracted residue with 1 M acetic acid, 20 mM NaCl either for several 
hours at 55° C or overnight at room temperature. The KCl-extracted myofibrils 
(Fig. 31) were similar in composition to crude intermediate filament preparations 
(Fig. 3) prepared as described in Fig. 2. Extraction of this residue with Kl 
removed additional actin and a-octinin, as well as a small amount of desmin. 
Two Kl extraction steps were included in this preparation to remove as much actin 
as possible. After thorough washing with distilled water, the remaining residue 
was extracted overnight at room temperature (23° C) with 1 M acetic acid, 
20 mM Nad (1 st acetic acid extract. Fig. 31). Although desmin was prefer­
entially extracted from the Kl-extracted residue by the acetic acid, a significant 
amount of actin, as well as some myosin, was present in the acetic acid extract, 
in contrast to the results of Small and Sobieszek (1977a), who obtained a purified 
fraction of desmin by acetic acid extraction. The pH of the first acetic acid 
Fig. 31. SDS-polyacrylamide gel electrophoresis of ma}or fractions 
obtained during preparation of skeietin (desmin) by the 
procedure of Small and Sobieszek (1977a) 
KCI- and K[-extracted residues and acetic acid 
extracts were prepared exactly as described by Small 
and Sobieszek (1977a). Because the steps In this proce­
dure before extraction with 0.6 M KCl are essentially 
the same as the procedure used in this study for prep­
aration of crude intermediate filaments (Fig. 2), gels 
of the fractions obtained during the preparation of 
A TP-extracted myofibrils are not included here (see 
Fig. 3 for gels of comparable fractions). Note the 
significant quantity of actin (bond at 42,000 doltons) 
present in both acetic acid extracts as compared with 
chromatographically purified desmin (Fig. 11). Gels 
contained 7 1/2% acrylamide and were run according 
to the procedure of Weber and Osbom (1969). Each 
gel was loaded with 20^g of protein. Numbers to the 
right of the gels indicate the approximate migration 
distances of polypeptides having the indicated subunit 
molecular weights. 
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extract was raised to 4.0 by addition of NaOH and the resulting precipitate was 
collected by centrifugation at 13,000 x g^^ for 30 min, again according to the 
methods described by Small and Sobieszek (1977a). The resulting pellet was 
re-extracted with 1 M acetic acid, 20 mM NaCi (2nd acetic acid extract. 
Fig. 31). This acetic acid extract also contained a significant amount of actin 
contamination. Because only 60% of the total protein in the first acetic acid 
extract was recovered in the pellet after precipitation at pH 4.0, substantial 
losses of protein occurred during the re-extraction procedure. Six different 
preparations of desmin were done by this method, using both fresh and frozen 
gizzards and using different times and temperatures (4°C, 23"C, and 55°C) for 
the acetic acid extraction step. In all cases, the acetic acid extract contained 
a significant amount of actin contamination. The presence of actin in the 
acetic acid extracts made It difficult to directly compare yields obtained by the 
procedure of Small and Sobieszek (1977a) with the yields obtained by the 
chromatographic purification procedure developed as a part of this investigation. 
The reason for the rather significant amount of actin contamination found in desmin 
prepared in this study by the procedure of Small and Sobieszek (1977a) is not 
known, but other investigators have also reported significant quantities of actin 
present in acetic acid extracts prepared from chicken gizzard (Fellini et al., 
1978b, Hubbard and Lazarides, 1979) and hog stomach muscle (Dr. J. M. O'Shea, 
Iowa State University, Ames, Iowa, personal communication) in agreement with 
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the results shown in Fig. 31. Although desmin obtained by acetic acid extraction 
could be purified by chromatography in urea (results not shown) as described for 
urea extracts of crude intermediate filament preparations ; the experiments 
described in the second section of these Results demonstrated that the use of Kl 
and acetic acid extraction steps was not necessary for preparation of a crude 
desmin-containing fraction suitable for chromatographic purification of desmin. 
Small and Sobieszek (1977a) also reported that 10-nm filaments could be 
formed from acetic acid extracts by dialysis against 10 mM sodium acetate, 
pH 3.8-4.0. In accordance with this observation, studies were done to test 
ability of the acetic acid extracts to form filaments at different pH. Yields of fila­
ments were determined by centrifugation at 183,000 x g^^^ (Fig. 32) in o manner 
analogous to that used to determine the effect of pH on formation of filaments 
from chromatographically purified desmin (Fig. 19). Numerous nonfilamentous 
aggregates were present in the samples prepared from the acetic acid extracts, 
as shown by electron microscopy (Fig. 33). Thus, the centrifugation experiments 
cannot be directly correlated with yield of filaments, but can only provide a 
measure of the solubility of the protein purified by the acetic acid extraction 
method. The results demonstrate that the acetic acid purified desmin is more 
soluble than chromatographically purified desmin below pH 4.5 and less soluble 
in the pH range of 7 to 8 (compare Fig. 32 with Fig. 19). The effect of the actin 
present in the acetic acid extracts on the solubility of the desmin is not known. 
Fig. 32. Effect of pH on solubility of the partially purified desmin obtained by acetic 
acid extraction 
The procedures used in this experiment were essentially those described by 
Small and Sobieszek (1977a) for formation of reconstituted filaments from acetic 
acid extracts. Acetic acid extracts were adjusted to pH 4.0 by addition of 10 N 
NaOH and the resulting precipitate was collected by centrifugation at 13,000 
X g^^ for 30 min. The precipitate was redissolved in glacial acetic acid, at a 
protein concentration of about 10 mg/ml, and the solution was then diluted 
10-fold with 1 mM DTT, 10 mM sodium acetate, pH 2.2 (adjusted with HCl). 
After clarification at 48,000 x g^^^ for 15 min, the protein concentration of 
the supernatant was determined on o sample that had been neutralized with 
NaOH, and 5 ml samples of the supernatant were dialyzed for 16-18 hr at 
4°C against a series of buffers of different pH. Buffers used were: 10 mM 
sodium acetate, pH range 3.0 to 5.0 and 10 mM imidazoie-HCl, pH range 
6.0 to 8.0. After dialysis, 1 ml of each sample was saved for electron 
microscopy (Fig. 33) and the remainder of the sample was centrifuged at 
183,000 X g ^ for 1 hr. The concentration of soluble protein remaining 
in the supernatant was determined by the Folîn-Lowry procedure (Lowry et 
al., 1951). Data are expressed as percent of total protein sedimented for 
comparison with the solubility determinations made on purified desmin (Fig. 19). 
The pH of each buffer was measured after dialysis. Open and closed circles 
represent experiments done on two different preparations. 
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SDS-gel electrophoresis indicated that all of the pellets and supematants obtained 
in this experiment contained actin in approximately the same ratio to desmin as 
present in the original acetic acid extract (results not shown). The results in 
Fig. 32 also indicated that less than 10% of the total protein was insoluble below 
pH 4.0, the pH used by Small and Sobieszek (1977a) for formation of synthetic 
filaments. The fact that only 10% of the protein was insoluble at pH 4.0 in this 
experiment, as compared to the 60% that precipitated when the pH of a 1 M 
acetic acid extract was raised to pH 4.0 with 10 N NaOH is probably due to the 
effect of ionic strength, inasmuch as the solubility experiments were all conducted 
at low ionic strengths using 10 mM buffers. 
Electron microscope examination of samples of acetic acid extracts that 
had been dialyzed against 10 mM sodium acetate buffers at selected pH values 
indicated that at pH 4.25 a few short 10-nm filaments were present (Fig. 33A), 
along with many nonfll amen tous aggregates. Several filaments smaller than 10 nm 
in diameter were also visible, including an aggregate composed of 20- to 30-
diameter filaments. At pH 4.75 (Fig. 33B), larger filaments were more numerous 
than at pH 4.25. The filaments are short, often appear branched, and are highly 
variable in diameter (range =5 to 13 nm). Again, many nonfilamentous, globular 
particles and aggregates can be seen. The filaments formed at pH 5.0 (Fig. 33C) 
appear much longer than those seen at the lower pH's, but again they appear 
branched, much more variable in diameter (range 5- to 13-nm), and more 
Fig. 33. Electron micrographs of negatively stained filaments formed 
from acetic acid extracts 
Reconstituted filaments were formed from acetic acid 
extracts by dialysis against 10 mM sodium acetate buffers 
of the appropriate pH, as described In the legend to Fig. 32. 
A) Filaments formed at pH 4.25. A small number of short 
filaments of variable diameter plus a large amount of 
aggregated materia! that often consists of globular 
particles are present. A small aggregate of 20- to 
30-A diameter filaments can be seen in the upper left 
comer. X 100,000. 
B) Filaments formed at pH 4.75. Several filaments, 
including some that are about 10 nm in diameter, 
can be seen as well as many nonfilamentous 
aggregates. X 100,000. 
C) Filaments formed at pH 5.0. The filaments in this 
micrograph are much longer than those seen in A and 
B, but they still appear branched and quite variable 
in diameter. Nonfilamentous aggregates and globular 
particles are also visible, but in lesser numbers than 
in A and B. X 100,000. 
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aggregated than either native filaments (Fig. 6) or synthetic filaments made from 
purified desmin by dialysis against 150 mM NaCi, 10 mM imidazole-HCl, pH 7.0. 
The nonfilamentous aggregates and globular particles seen in samples of filaments 
formed from acetic acid extracts at lower pH were still present in the filaments 
formed at pH 5.0, but they appeared to be fewer in number in comparison to the 
number of filaments formed. At pH's above 5, the acetic acid extracted protein 
formed a visible precipitate and the filaments appeared in highly aggregated masses 
when viewed with the electron microscope. Above pH 8, the precipitate dispersed, 
and the protein became partially soluble (Fig. 32). The effect of the actin present 
in these preparations on morphology of the filaments formed is unknown. However, 
it is clear from these experiments that filaments formed from chromatographicaIly 
purified desmin, as described in the previous section of the Results, provide a more 
suitable system for studies on the structure and properties of intermediate filaments, 
both because of the greater purity of the preparation and because of the greater sim­
ilarity between the synthetic filaments formed and the native intermediate filaments. 
Indirect Immunofluorescent Localization of Desmin in 
Chicken Smooth, Cardiac, and Skeletal Muscles 
The studies in the previous sections have shown that desmin, the subunit protein 
of intermediate filaments, can be purified by chromatography and that purified desmin 
is capable of self-assembling into filaments, similar to native intermediate filaments, 
in vitro. Purified turkey gizzard desmin was then used to produce specific antibodies 
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in rabbits for use in indirect immunofluorescence studies on the localization of 
desmin in chicken smooth, cardiac, and skeletal muscles. To avoid the possibility 
of eliciting antibodies to minor contaminants, desmin that had been purified by 
hydroxylapatite and DEAE-Sepharose CL-6B chromatography was subjected to 
additional purification using preparative SDS-polyacrylamide gel electrophoresis 
prior to its use as an antigen. As shown in Fig. 34, preparative electrophoresis 
removed all of the minor high molecular weight contaminants as well as the 
48,000-dalton breakdown product present in the chromatographically purified 
desmin. Antibodies produced by injection of this electrophoretically purified, 
homogeneous sample of desmin into a rabbit were characterized by double immuno­
diffusion analyses (Fig. 35). A single precipitin line was observed when the 
antiserum was tested against chromatographically purified desmin (Fig. 35A). 
Pre-immune serum from the same rabbit gave no reaction with desmin (Fig. 35B). 
The specificity of the antiserum was further examined by immunodiffusion analyses 
using other purified gizzard myofibrillar proteins. No cross-reactivities were 
observed with purified gizzard actin, (x-actinin, tropomyosin, or filamin 
(Fig. 35C and D). 
The location of desmin was then examined in the three muscle types by the 
use of indirect immunofluorescence microscopy, as outlined in the Materials and 
Methods. In this technique, the tissue is first treated with the specific rabbit 
antibody, followed by goat antî-rabbît-lgG antibodies that have been conjugated 
Fig. 34. SDS-poIyacrylamide gel electrophoresis of desmin before 
and after purification by preparative electrophoresis 
Gel A was loaded with 27 of a sample of chroma-
tographically purified desmin prior to preparative electro­
phoresis. Gel B was loaded with 27 ^g of a sample of 
desmin that had been further purified by preparative SDS-
polyacrylamide gel electrophoresis as described in the 
Materials and Methods. Gels contained 7 1/2% 
acrylamide and were run according to the method of 
Weber and Oiom (1969). 
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Fig. 35. Double immunodiffusion analysis of rabbit antiserum prepared 
against electrophoretical ly purified turkey gizzard desmin 
The gel buffer for all immunodiffusion experiments was 
10 mM Tris-acetate, pH 8.5. Purified proteins were dissolved 
in the same buffer. 
A) Center well contained 10^1 of anti-desmin serum. Other 
wells contained 10^1 of purified desmin at the following 
concentrations: l)25,ag/ml, 2)50^g/ml, 3) 100^g/ml, 
4) 250^g/ml, 5) 500^g/ml, and 6) 1 mg/ml. 
B) Center well contained 10^1 of pre-immune rabbit serum. 
Other wells contained 10|yjl of purified desmin as in A. 
C) Center well contained 10^1 of anti-desmin serum. Other 
wells contained purified turkey gizzard proteins as follows: 
1 and 4) c^-actinin at concentrations of 0.5 and 1.0 mg/ 
ml, respectively; 2 and 5) tropomyosin at concentrations 
of 0.5 and 1.0 mg/ml, respectively; and, 3 and 6) 
desmin at concentrations of 1.0 and 0.5 mg/ml, respec­
tively. 
D) Center well contained 10^1 of anti-desmin serum. 
Other wells contained purified turkey gizzard proteins 
as follows; 1 and 4) filamin at concentrations of 0.5 
and 1.0 mg/ml, respectively; 2 and 5) actin at 
concentrations of 0.5 and 1.0 mg/ml, respectively; 
and, 3 and 6) desmin, at concentrations of 1.0 and 
0.5 mg/ml, respectively. 
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with fluorescein isothiocyanate. After thorough washing, the tissue is examined 
using epifluorescent optics, indirect immunofluorescent staining of a cross-
section of chicken gizzard (Fig. 36B) with onti-desmin antiserum revealed the 
presence of desmin in a filamentous network that was often arranged in a radial 
array surrounding the centrally located, nonstaining nucleus. The outline of the 
cells and the position of the nucleus can be seen more clearly in the bright field 
micrograph shown in Fig. 36A. in longitudinal section (Fig. 36C and D), desmin 
was localized in a branched network of filaments extending throughout the length 
of the cells. The width of the fluorescent filaments seen in these micrographs 
suggests that the network of filaments consists of bundles containing many individual 
intermediate filaments. The overall appearance of the fluorescent filament 
network corresponds to the arrangement of intermediate filaments described by 
Cooke and Fay (1972) and suggests that the filaments form a cytoskeletal network 
within the smooth muscle cell. 
In cardiac myofibrils, desmin is located primarily at the level of the Z line 
and in the region of the intercalated disc (Fig. 37). The most intense fluorescence 
is seen as a series of spots located between the Z lines of adjacent myofibrils. This 
suggests that desmin-containing structures serve to link adjacent myofibrils together 
at the level of the Z lines. Desmin is also seen located in longitudinal fluorescent 
filaments that run between adjacent myofibrils. In skeletal muscle myofibrils 
(Fig. 38), desmin is also located at the Z line. Again, the most intense 
36. Indirect immunofluorescent localization of desmin in 
cryostat sections of chicken gizzard 
A) Bright field micrograph of a cross section of 
gizzard stained with toluidine blue io show the 
outlines of the cells and the centrally located 
nuclei. X 1250. 
B) Fluorescence micrograph of a cross-section of 
chicken gizzard treated with anti-desmin anti­
serum. X 1250. 
and D) Phose-contrast and fluorescence micrographs, 
respectively, of a longitudinal section of 
gizzard treated with anti-desmin antiserum. 
X 2000. 

Fig. 37. Indirect immunofluorescent localization of desmin in 
chicken cardiac muscle myofibrils 
A and B) Phase-contrast and fluorescence micro­
graphs, respectively, of chicken cardiac muscle 
myofibrils treated with anti-desmin antiserum. 
X 2000. 
Fig. 38. Indirect immunofluorescent localization of desmin in 
chicken skeletal muscle myofibrils 
Paired phase-contrast (A and C) and fluorescence 
(B and D) micrographs of chicken skeletal muscle 
myofibrils treated with anti-desmin antiserum. X 2000. 
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fluorescence occurs as a series of spots appearing between the Z lines of adjacent 
myofibrils. Fig. 38 (C and D) shows a clump of myofibrils, one of which has been 
displaced (probably during homogenization) by nearly the width of an entire 
sarcomere from the neighboring myofibril. Desmin fluorescence (Fig. 38D) appears 
as a series of filamentous connections between the Z lines of myofibrils that had been 
displaced relative to one another. Fluorescent staining of the skeletal myofibrils 
was abolished by incubation of the immune serum with chromatographically purified 
desmin prior to incubation of the antibody with the myofibrils. Staining was not 
diminished by treatment of the anti-desmin antiserum with purified «-actinin at 
concentrations four times higher than the concentration of desmin that completely 
blocked the staining. In agreement with the results of other investigators 
(Izant and Lazarides, 1977; Lazarides, 1978) the studies shown here suggest that 
desmin-containing structures serve to connect myofibrils at their Z lines. 
Studies on Interactions of Desmin With ^-Actinin, 
Tropomyosin, and Actin 
The results in the previous section demonstrated that desmin is located at the 
Z line in striated muscle and previous investigators (Ashton et al., 1975; Cooke, 
1976) as well as the studies herein have also shown that intermediate filaments 
are associated with smooth muscle dense bodies. Because ^"cictinin is also 
located in Z lines and because thin, actin-tropomyosin filaments insert into Z lines. 
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experiments were initiated to examine the possible interaction of desmin with 
these three proteins. The experimental procedures used for the interaction studies 
were based on the fact that desmin filaments can be rather easily sedimented by 
centrifugation at 183,000 x g for 1 hr, conditions that would sediment little of 
eitfier ^-actinin or tropomyosin unless they were bound to desmin filaments. 
Because the viscous suspensions of desmin filaments are difficult to pipet accurately, 
varying amounts of either turkey gizzard ^-actinin or turkey gizzard tropomyosin 
were added to separate samples containing a fixed amount of unpolymerized 
gizzard desmin. The samples were then dialyzed against 150 mM NaCl, 20 mM 
imidazole-HCl, pH 7.5, for 12-14 hr at 4°C to polymerize the desmin. After centri­
fugation of tfie dialyzed samples, any unbound protein or unpolymerized desmin 
remained in the supernatant. Measurement of the amount of protein in the 
supernatant, in comparison with controls containing only a-actinin or tropomyosin, 
provided an accurate measurement of the amount of protein bound. SDS-gel 
electrophoresis of both pellets and supematants was done to corroborate the 
quantitative results. 
Studies done on the interaction of desmin with turkey gizzard a-actinin 
(Fig. 39) demonstrated that essentially no a-actinin was bound to desmin under 
the conditions of this experiment. Only a small difference, amounting to less than 
2% of the (y-actinin added at any point, is seen between the lines obtained from 
experimental and control samples. The very small amount of oi-actinin that is 
Fig. 39. Studies on the c^-actinin/desmin interaction 
Assays were done by mixing increasing amounts of 
gy-actinin with constant amounts of desmin and dialyzing 
the samples for 12-14 hr at 4*^0 against the final buffer 
as described in the Materials and Methods. Final assay 
conditions were: 2 mg/ml desmin, 150 mM NaCl, 
20 mM imidazole-HCl/ pH 7.0. Final volume = 1.0 ml. 
A) SDS-polyacrylamide gel electrophoresis of the 
pellets and supematants recovered after centrif-
ugation of the samples at 183,000 x g for 1 hr 
in a representative experiment. Gels labeled 
desmin and CK-actinin are of the original proteins 
used in the assay. The percentage figures of the 
remaining gels correspond to the amount of 
(K-actinin added to desmin on a percent-weight 
basis. Fifteen ^ g of protein were loaded on each 
gel, except for the gel of the supernatant from the 
0% c^-actinin sample, which was loaded with 
150^1 of sample (equivalent to 2.5 times the 
volume of sample loaded on the 20% w-actinin 
gel). Gels contained 7 1/2% acrylamide and 
were run according to the method of Weber and 
Osbom (1969). 
B) plot of the concentration of protein remaining in the 
supernatant (unbound protein) vs. ihe percentage of 
tt-actinin added. The data points and the resulting 
solid line are values obtained from duplicate exper­
iments on two different preparations (four values), 
plus or minus standard errors. Values were corrected 
for the amount of desmin that was not sedimented as 
determined from the 0% c^-actinin samples. The 
upper, dashed line represents the amount of a-actinin 
remaining in the supernatant in the absence of desmin. 
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found in the pellets (Fig. 39A) is probably due to the small volume of the supernatant 
that is trapped in the volume of the pellet. A similar experiment, done by poly­
merizing the desmin by adding a concentrated buffer solution to give the same final 
assay conditions and incubating the samples at 25°C for 1 hr, gave results identical to 
those shown in Fig. 39. Preliminary experiments done either in 1 mM MgClj/ 20 mM 
imidazole-HCi, pH 7.0, or in 100 mM KCi, 1 mM MgCl2/ 20 mM imidozole-HCl, 
pH 7.0, also provided no evidence for an interaction between desmin and t^-actinin. 
Studies on the interaction of purified gizzard tropomyosin with desmin (Fig. 40), 
done at4°C in 150 mM NaCi, 20 mM imidazole-HCl, pH 7.0, demonstrated that less 
than 3% of the tropomyosin added at any concentration tested was sedimented with 
desmin under these conditions. The small amount of tropomyosin that is found in 
the pellet (Fig. 40A) is again probably due to the small volume of supernatant 
that is contained within the volume of the pellet. The interaction of tropomyosin 
with desmin was not tested under other conditions. 
The interaction between desmin and actin was more difficult to measure, because 
actin also assembles into filaments that can be sedimented at high centrifugal forces. 
These experiments were done by mixing varying amounts of G-actin with a constant 
amount of unpolymerized desmin and inducing polymerization of both actin and desmin 
by addition of a concentrated buffer solution to give final concentrations of 100 mM 
NaCl, 1 mM MgCl2/ 20 mM imidazole-HCi, pH 7.0, and incubating the samples at 
25° C for 1 hr. These conditions were selected as a compromise between the optimal 
Fig. 40. Studies on the tropomyosin/desmin interaction 
Assays were done by mixing increasing amounts of 
tropomyosin with constant amounts of desmin and dialyzing 
the samples for 12-14 hr at 4°C against the final buffer as 
described in the Materials and Methods. Final assay con­
ditions were: 2 mg/ml desmin, 150 mM NaCi, 20 mM 
imidazole-HCl, pH 7.0. Final volume = 1.0 ml. 
A) SDS-polyacrylamide gel electrophoresis of the pellets 
and supematants recovered after centrifugation at 
183,000 X g^ for 1 hr in a representative experiment. 
Gels labeled desmin and tropomyosin (TM) are of the 
original proteins used in the assay. The percentage 
figures of the remaining gels correspond to the amount 
of tropomyosin added to desmin on a percent-weight 
basis. Fifteen ^g of protein were loaded on each gel, 
except for the gel of the supernatant from the 0% 
tropomyosin sample, which was loaded with 150 ^1 
of sample (equivalent to twice the volume of sample 
loaded on the 20% tropomyosin gel). Gels contained 
7 1/2% acrylamide and were run according to the 
method of Weber and Osbom (1969). 
B) plot of the concentration of protein remaining in the 
supernatant (unbound protein) vs. the percentage of 
tropomyosin added. The data points and the resulting 
solid line are values obtained from duplicate experiments 
on two different preparations (four values), plus or minus 
standard errors. Values were corrected for the amount of 
desmin that was not sedimented as determined from the 
0% tropomyosin samples. The upper dashed line represents 
the amount of tropomyosin remaining in the supernatant in 
the absence of desmin. 
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conditions for assembly of F-actin and desmin. Preliminary experiments demonstrated 
that only about 10-15% of a sample of F-actin was sedimented at 17,000 x g 
' ^ max 
for 30 min. However, over 90% of a sample of desmin polymerized by the method 
used for this interaction study was sedimented under the same conditions. Thus, 
the interaction study was done by centrifoging the mixtures of actin and desmin at 
17,000 X g^^^ for 30 min. These experiments were done at relatively low protein 
concentrations (0.5 mg/ml of desmin) in order to reduce the problems inherent in 
trying to separate two populations of filaments by differential centrifugation. The 
data shown were obtained using purified turkey gizzard actin. 
Examination of SDS-gels of the pellets and supematants obtained in a 
representative experiment (Fig. 41) demonstrated that the majority of the desmin was 
found in the pellets, while the majority of the actin remained in the supernatant, 
implying that the two proteins were not copolymerized into one type of filament. 
More actin was found in the pellets of the samples containing desmin than in the 
pellets of the control samples containing the same concentration of actin. Exam­
ination of the gels of the supematants revealed that as the actin concentration was 
increased the amount of desmin that remained in the supernatant also increased, 
presumably due to the increased viscosity of the solution in the tubes containing 
increased amounts of F-actin. Thus, the measured protein concentrations of the 
supematants were corrected for the amount of desmin, as determined by densifometry 
of the gels of the supematants, so that the corrected concentrations represented the 
Fig. 41. SDS-polyactylamide gel electrophoresis of pellets and supernatants resulting from 
an experiment done on the actin/desmin interaction 
The assay was done by mixing increasing amounts of turkey gizzard G-actin 
with constant amounts of gizzard desmin and polymerizing the two proteins by 
addition of a concentrated buffer as described in the Materials and Methods. 
Samples were incubated for 1 hr at 25°C. Final assay conditions were: 0.5 mg/ 
ml desmin, 100 mM NaCi/ 1 mM MgCl2/ 20 mM imidazole-HCl/ pH 7.0, 
Final volume = 1.0 ml. 
Constant sample volumes of the pellets (20^1) and supernatants (40^1) 
recovered after centrifugation at 12,000 x g^^^ for 30 min were loaded on 
each gel. The gels labeled actin and desmin are of the proteins used in the 
assay and were loaded with 15^g of protein per gel. The percentage figures 
on the remaining gels correspond to the amount of actin added to desmin on a 
percent-weight basis. Gels contained 7 1/2% acrylamide and were run according 
to the method of Weber and Osborn (1969). 
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Fig. 42. Sfoichiometry of the actin/desmin interaction 
Assays were done as described in Fig. 41, using gizzard actin and 
desmin. Data are the means plus or minus the standard errors of duplicate 
experiments done on three different preparations of actin and desmin. 
Open circles (lighter line) represent the amount of actin remaining in the 
supernatant in the absence of desmin (supernatant gels labeled "actin 
controls"/ Fig. 41). Closed circles (heavy line) represent the data 
derived from tubes containing both actin and desmin, corrected for the 
amount of desmin remaining in the supernatant as described in the Matériels 
and Methods. 
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amounis of actin remaining in the supematants. A plot of the corrected concen­
trations vs. the percent actin added is shown in Fig. 42. Comparison of the 
amount of actin remaining in the supernatant In the samples containing desmin with 
the actin controls demonstrates that about 10% of l+ie total actin added was 
sedimented with desmin at all actin concentrations tested. If there exists a 
specific interaction between desmin and actin, one would expect to find a 
concentration of actin above which no more actin would be bound to desmin, 
i.e. the available octin binding sites on desmin filaments would be saturated. 
Extrapolation of such a hypothetical curve obtained above the saturation point 
to the abclssa would give the stoichiometry of the interaction. The curve 
obtained In this experiment (Fig. 42), however, was a straight line throughout all 
actin concentrations tested, and this line could be extrapolated through the origin. 
Thus, the results suggest that saturation was not reached at concentrations of actin 
and desmin used here and that the Interaction seen here was relatively weak and/or 
nonspecific (possibly due to entrapment of F-actin filaments within the network of 
desmin filaments). Similar data were obtained in a single experiment done using 
purified porcine skeletal actin (results not shown). 
Electron microscope observation of a sample of desmin and G-actIn that had 
been mixed and then polymerized as In the interaction study (Fig. 43A) shows that 
the two proteins form two different types of filaments. The smaller of these two 
filament types corresponds to F-actin (Fig. 43B) both in appearance and In diameter 
Fig. 43. Electron micrographs of samples obtained during studies 
on the actin/desmin interaction 
A) Negatively stained preparation of filaments formed 
in a sample containing gizzard desmin (0.5 mg/ml) 
and gizzard actin (0.1 mg/ml), that had been 
polymerized at 25°C for 1 hr in TOO mM NaCl, 
1 mM MgCl2/ 20 mM imidazole-HCl, pH 7.0. Both 
F-actin filaments (small, single arrows) and desmin 
filaments (double arrows) are visible. A few 
bundles of actin filaments can also be seen (large 
arrows). X 81,900. 
B) Negatively stained F-actin filaments formed by 
polymerization of turkey gizzard G-actin (0.1 
mg/ml) as described in A. X 81,900. 
C) Negatively stained filaments formed from purified 
gizzard desmin (0.5 mg/ml) as described in A. 
X 81,900. 
D) Negatively stained preparation of the supernatant 
remaining after centrifugation of a sample of desmin 
containing 20% gizzard actin by weight, at 17,000 
X g^ for 30 min. Both F-actin filaments and a 
few snort desmin filaments that did not sediment under 
these conditions can be seen. X 81,900. 
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(approximately 7 nm). The larger of the filaments seen in the mixture of actin and 
desmin (Fig. 43A) appear similar to filaments formed from purified desmin (Fig. 43C). 
The diameter of some of these filaments is somewhat larger (about 12 nm) than that 
shown previously (10.6 nm) ibr desmin filaments. The reason for this small difference 
in diameter is not clear. Examination of the supernatant resulting from centrifugation 
of a sample of actin and desmin at 17,000 x g^^^ for 1 hr (Fig. 43D) reveals that the 
actin that did not sediment was in fact polymerized (F-actin) and that a few short 
desmin filaments were not sedimented, in agreement with the results of gel electro­
phoresis of the samples (Fig. 41) and supporting the method used for quantitation of 
the interaction. The experiments done on the interaction of actin and desmin 
demonstrate that if an interaction exists between desmin and actin it is relatively 
weak. However, these experiments must be regarded as preliminary in nature, 
because the data cannot eliminate the possibility that a small amount of actin 
(presumably as G-actin monomers) may be bound to the desmin filaments. 
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DISCUSSION 
When these studies were initiated, the original goal was to determine the 
composition of the 10-nm filaments in muscle cells. Several lines of evidence, 
including some investigations underway in this laboratory, suggested that a 
component having c subunît molecular weight of 55,000 might be at least one 
of the constituents of this newly discovered class of filaments. Thus, one of 
tfie primary objectives of this study became the development of a satisfactory 
method for isolation and purification of this 55,000-dalton protein. A/y initial 
observations indicated that preparations enriched in intermediate filaments, 
obtained by extensive extraction of the contractile proteins from washed, smooth 
muscle myofibrils, were also enriched in the 55,000-dalton protein. These 
results were in agreement with the observations of other investigators made on 
similar actomyosin-extracted residues from smooth muscle (Cooke, 1976; 
Lazarides and Hubbard, 1976; ScholImeyer et al., 1976; Small and Sobieszek, 
1977a). Although he did not describe a method for purification of this protein. 
Dr. Elias Lazarides, now at the California Institute of Technology, suggested 
the name "desmin" for this 55,000-dalton protein (Lazarides and Hubbard, 1976). 
In my studies, purification of desmin was achieved by extraction of the 
crude intermediate filament preparations with solutions containing 6 M urea and 
chromatography of these urea extracts on hydroxylapatite followed by either gel 
filtration or ion-exchange chromatography. Hydroxylapatite chromatography was 
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very effective in separating actin from desmin. Ion-exchange chromatography 
using DEAE-Sepharose CL-6B proved to be the best alternative for the second 
chromatographic step, due to both greater yields and higher purity of the final 
preparation. The insolubility of desmin in a wide variety of aqueous solvents 
made the purification somewhat difficult to accomplish, and necessitated the 
use of 6 M urea solutions for both the extraction of the desmin from the crude 
intermediate filament preparations and for the subsequent chromatography. 
Proteolysis that occurred during the preparation of desmin was also a significant 
problem. Use of protease inhibitors, such as phenylmethyl sulfonyl fluoride, 
was not effective. Proteolysis was minimized by working quickly, by using 
EDTA in all of the solutions employed prior to chromatography, and by using 
fresh gizzards for the majority of the preparations. Even with these precautions, 
a breakdown product, migrating at a molecular weight of 48,000 on SDS-gels, 
was often present. The separation of this 48,000-dalton proteolytic breakdown 
product from the intact desmin was an additional advantage of using ion-
exchange chromatography as the final step in the purification procedure. 
The purity of the desmin prepared by the methods developed in this 
investigation was demonstrated by one-dimensional SDS-polyacrylamide gel 
electrophoresis using both the phosphate buffer system of Weber and Osborn 
(1969) and the discontinuous Tris-glycine system of Lcsrr.rrli (1970). On both 
gel systems, the purified desmin migrated predominantly as a single band, with 
only 2-3% of the protein migrating as the 48,000-dalion proteolytic breakdown 
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product. Densitometry of SDS-gels run by the method of Weber and Osbom (1969) 
demonstrated that greater than 95% of the protein migrated at a molecular weight 
of 55,000. No actin contamination was detected in preparations of desmin by 
electrophoresis on either of the gel systems. Examination of the purified desmin 
by the two-dimensional electrophoresis system of O'ParrelI (1975) as modified by 
Allen et al. (1978) revealed the presence of only two protein spots, corresponding 
to the u- and ^ -variants of desmin, initially identified in two-dimensional gels 
of crude intermediate filament preparations by Izant and Lazarides (1977). The 
demonstration that both of these variants ore present in chromatographically 
purified desmin, and that 90-95% of the desmin, containing both of these variants, 
is capable of assembling into 10-nm filaments in vitro provides additional evidence 
that these two polypeptides are isoelectric variants of the same protein rather than 
different proteins with the same molecular weight. The results of the two-
dimensional electrophoresis experiments also demonstrated that the purification 
procedure did not selectively purify one of the two variants and that no 
modification of the desmin affecting the total charge had occurred during the long 
exposure of the protein to the urea solutions used for extraction and chromatography. 
To minimize modification of the desmin by the urea solutions, it was necessary to 
use freshly deionized urea and to perform all of the extraction and chromatography 
steps at 2-4° C. 
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In all of the steps in the preparation procedure, as well as in the original 
gizzard homogenate, ^ desmin was the major species, making up approximately 
75% of the total desmin. In oil preparations examined, a similar ratio of^-
to -desmin was seen. Lazarides and co-workers (Izant and Lazarides, 1977; 
Lazarides, 1978) initially reported that these two variants were present in 
approximately equal amounts in chicken gizzard, but a later report from the 
same laboratory (Hubbard and Lazarides, 1979) indicated that iS-desmin was 
the major species present, in agreement with results shown herein. Because 
experiments done as a part of this study have indicated that desmin is susceptible 
to charge modification both before and during preparation of the samples for 
isoelectric focusing, it is likely that the early reports cited above were in error 
due to modification of the desmin. Thus, it is probable thot^g-desmin is the 
predominant variant present in smooth muscle. Because high concentrations 
of urea are used in preparation of the samples for two-dimensional gel 
electrophoresis, it is conceivable that only jS-desmin exists in vivo. In a 
recent paper, O'Connor et al. (1979) reported that a-desmin is phosphorylated, 
and suggested that -desmin may be the phosphorylated form of jg -desmin. 
However, the results in this paper were not conclusive and this suggestion 
awaits confirmation by other investigators. 
Densitometry of Coomassie blue stained SDS-gels was used to measure the 
percentage of desmin in fractions obtained during purification and these values 
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were used to calculate percent recovery and purification factors. The amount 
of desmin on the gels was determined from a standard curve of peak area from 
densitometer traces plotted versus of purified desmin loaded on the gels. The 
measurements of the percent desmin in each fraction were based on the assumption 
that desmin was the only protein migrating at a molecular weight of 55,000. 
Two-dimensional gel electrophoresis of these fractions had demonstrated that 
(X~ and jg-desmin were the major protein species migrating at this molecular 
weight. The densitometry results indicated that desmin constitutes approximately 
5% of the total SDS-soluble proteins of the gizzard smooth muscle cell and 20% 
of the protein in the crude intermediate filament preparations. These values 
are in good agreement with values reported by Cooke (1976) and by Fellini 
et al. (1978b). Small and Sobieszek (1977a), on tfie other hand, reported that 
desmin constituted 15-25% of the total gizzard cell protein, based on quantitation 
of photographic negatives taken of stained gels. Although Small and Sobieszek 
(1977a) reported ratios of actin to desmin, they did not point out how these 
values were related to the amount of total cell protein and, thus, it is difficult 
to determine the reason for this discrepancy. The relative weight ratio of actin 
to desmin of 1:0.8 reported by tfiese authors (Small and Sobieszek, 1977a) 
appears to be unreasonably low considering the large numbers of actin filaments 
present in gizzard cells in comparison to the number of intermediate filaments. 
Thus, the smaller value for percent desmin in avian smooth muscle reported 
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herein appears to be more likely. Based upon tf»is value and the value obtained 
of 150 mg of SDS-soluble protein per g of tissue (wet weight) a recovery of 20% 
was obtained by the chromatographic purification procedures developed as a part 
of this investigation. Yields averaged 150 mg of purified desmin from 100 g of 
minced gizzard. 
During the course of my investigations. Small and Sobieszek (1977a) 
reported a procedure for purification of desmin (which they termed "d<eletin") 
by extraction of KCI- and Kl-insoluble residues of smooth muscle with 1 M 
acetic acid. Several attempts were made to duplicate their procedure very 
carefully and in all cases the acetic acid extracts contained significant amounts 
of actin contamination. Fellini et al. (1978b), also using the procedure of 
Small and Sobieszek (1977a), and Hubbard and Lazarides (1979), using a 
slightly modified, but very similar procedure for preparation of KI-extracted 
residues, both reported the presence^of significant amounts of actin contamination 
in their acetic acid extracts. The reason for the inability of others, including 
myself, to duplicate the procedure of Small and Sobieszek (1977a) is unknown. 
These authors did not report values for yields or for relative purifications achieved 
by their procedure. The presence of actin in the acetic acid extracts I prepared 
in this laboratory made it somewhat difficult to directly compare yields from the 
acetic acid extraction method with yields obtained by the chromatographic 
purification procedure developed herein. Hubbard and Lazarides (1979) recently 
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reported a yield of 100-200 mg of moderately pure desmin, prepared by repeated 
soiubilization-precipitation cycles in acetic acid, from 200 g of gizzard, a value 
that is about half the yield obtained herein for chromatographically purified desmin. 
Obviously, desmin obtained by acetic acid extraction of KCI- and Kl-extracted 
residues could be purified by chromatography in urea in the same manner as 
described for chromatography of urea extracts of crude intermediate filament prep­
arations. However, I found that inclusion of the Kl and acetic acid extraction steps 
in the purification procedure did not result in any increase in purity. Furthermore, 
Hubbard and Lazarides (1979) reported that acetic acid extraction at temperatures 
greater than CPC resulted in considerable charge heterogeneity of desmin and in 
extraction of some collagen. Thus, the procedure developed in this investigation 
for purification of desmin offers advantages in yield, purity, and, evidently, in 
reproducibility in comparison to the procedure of Small and Sobieszek (1977a), 
Desmin prepared by chromatography in urea remained soluble after extensive 
dialysis against 10 mM Tris-acetate, pH 8.5, to remove urea. Five mM MCE was 
added to the dialysis buffer as a precaution to prevent random formation of disulfide 
bonds during the refolding of the molecule. These solvent conditions were chosen 
because earlier experiments had shown that desmin could be partially extracted 
from crude intermediate filament preparations at very low ionic strengths above pH 
8 and, thus, the native desmin molecule was soluble under these conditions. 
Sedimentation velocity experiments demonstrated that the chromatographically 
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purified desmin sedimented as a single peak when examined in 10 mM Tris-acetate, 
pH 8.5, with an observed sedimentation coefficient of 4.6 S at a concentration of 
3.46 mg/ml. The circular dichroism spectrum of the soluble desmin is similar to 
the spectra of highly a-helical polypeptides, demonstrating that the purified 
protein exhibits a significant amount of secondary protein structure after chroma­
tographic purification and subsequent removal of the urea. 
Dialysis of purified desmin, originally in 10 mM Tris-acetate, pH 8.5, 
against solutions of lower pH or higher ionic strength results in the self-assembly 
of desmin into filaments approximately 10 nm in diameter. Experiments done to 
examine the effects of pH on filament formation revealed that at low ionic 
strengths (10 mM buffers) the purified desmin was soluble above pH 8.0, and 
that the solubility of the protein as measured by high speed centrifugation 
decreased rapidly as the pH was lowered below 8.0. At pH 7.0, only about 
10% of the desmin remains soluble. These results are in good agreement with 
earlier experiments done to examine the ability of low ionic strength solutions 
to solubilize desmin from crude intermediate filament preparations. In those 
experiments, desmin was not extracted at pH 7.0 and the amount of desmin that 
was extracted increased as the pH was increased. Thus, the solubility 
properties of the purified desmin were similar to the solubility properties of the 
native desmin before urea extraction. The inability of low ionic strength 
buffers at pH 8.5 to completely extract desmin from the native intermediate 
filaments may be related to the time of extraction or to interactions of the 
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intermediate filaments with other structures, such as dense bodies, that are also 
present in the crude intermediate filament preparations. 
The synthetic filaments formed at pH 7 at low ionic strengths (10 mM 
imidazole-HCl) were very short, generally 0.5 to 1 .O^m in length. Addition 
of eiifier monovalent salts or MgCi2 to the dialysis buffer used to induce filament 
formation resulted in an increase in the length of the filaments. At pH 8.5, 
where the purified desmin was soluble, both NaCi and MgClg induced formation 
of filaments. The effects of both ionic strength (adjusted by addition of NoCl) 
and MgClg on the lengtfis of the filaments and on the yields of filaments were 
estimated by measuring the amount of protein sedimented by low speed centrifugation 
(17,000 X g^^ for 30 min) and by electron microscope observations. The results 
of these experiments demonstrated that the optimal conditions for filament 
formation were at monovalent salt concentrations of 120-150 mM, or MgC\2 
concentrations of 5-10 mM. MgClg was much more effective at promoting 
filament formation than was NaCl at the same ionic strength. Besides the 
effects of both of these salts on increasing ffie length of the filaments, increasing 
NaCl or MgClg concentrations also increased the tendency of the filaments to 
aggregate. Conditions were not found which promoted formation of long (over 
l-2^m in length) filaments that were not aggregated to some degree. 
Filaments formed from purified desmin under optimal conditions did not 
precipitate, but remained suspended in solution. The resulting suspension of 
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filaments was transparent, highly viscous, and gel-like in consistency. The gel­
like consistency of the filament suspensions was due to the tendency of the filaments 
to aggregate. Comparison of the synthetic filaments formed by purified desmin 
under optimal conditions with native intermediate filaments found in actomyosin-
extracted crude intermediate filament preparations demonstrated that the synthetic 
filaments were similar In appearance and structure to the native intermediate 
filaments. Like the synthetic filaments, the native filaments also tend to be 
aggregated, as evidenced by the appearance of bundles of filaments in negatively 
stained preparations. Immunofluorescent antibody staining of sections of chicken 
gizzard also demonstrated that the intermediate filaments are arranged in bundles 
In vivo. In negatively stained preparations, both the native Intermediate filaments 
and the synthetic filaments appeared as long, flexible rods, approximately 10 nm 
in diameter, that were relatively smooth sided and lacked visible surface 
projections. A longitudinal substructure, consisting of an undetermined number of 
20- to 25-Â diameter pro to filaments, probably arranged in a helical array, was 
visible in both the synthetic and native filaments. An additional transverse 
periodicity of about 20 nm, that appeared as a series of constrictions along the 
filament axis, was seen in some of the synthetic filaments, but was rarely seen 
in the native filaments. This periodicity may represent a repeat distance in the 
packing of the protofilaments that Is for some reason exaggerated In the synthetic 
filaments. The synthetic filaments were slightly larger and more variable In 
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diameter than the native filaments. This variability in the synthetic filaments 
may be due to the inclusion of molecules of desmin that were incompletely renatured 
after purification in urea into the filament structure. Alternatively, this 
variability in diameter may mean that other, as yet undetermined, factors are 
important in the assembly of desmin filaments, and that the ideal conditions for 
assembly have not yet been found. The experiments described in this study do 
provide a foundation for further experiments on the effects of other conditions 
on the self-assembly of desmin. 
The results of the separate experiments done to determine the effects of pH, 
ionic strength, and MgCl2 concentration on the self-assembly process demonstrated 
that, of the conditions tested, optimal filament formation occurred at pH 7.0 to 
7.5 with either monovalent salt concentrations of 120 to 150 mM or MgClg 
concentrations of 5 to 10 mM. These conditions are near the physiological range 
of pH and ionic strength. Formation of 10-nm filaments from purified desmin, 
at or near physiological conditions, has not been reported previously. Although 
Small and Sobieszek (1977a) were able to form reconstituted filaments at pH 4 
from desmin purified by acetic acid extraction of actomyosin-extracted residues, 
the resulting synthetic filaments were short, highly variable in diameter, and 
extensively branched. The filaments formed as a part of my investigations from 
acetic acid extracts that contained significant amounts of actin contamination as 
well as desmin were also branched and highly variable in diameter. Many 
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nonfilamentous aggregates were also visible in these preparations. At pH 7.0, 
these acetic acid extracts precipitated and the resulting precipitates contained 
aggregated masses of filamentous material. Results similar to these were obtained 
by Fellini et al. (1978b), using acetic acid extracts prepared by the method of 
Small and Sobieszek (1977a) that also contained actin contamination. Hubbard and 
Lazarides (1979) also reported the formation of filaments from desmin that had 
been purified by repeated solubilization-precipitation cycles using acetic acid. 
Their preparations also contained significant amounts of actin and the filaments 
formed from their preparation were described as ribbon-like in appearance. The 
conditions used by Hubbard and Lazarides (1979) for filament formation were not 
described in detail. Finally, Cooke (1976) formed filaments from urea extracts 
of crude intermediate filament preparations by dialysis against 10 mM phosphate 
buffer at pH 7.5. His preparations contained many contaminants, including 
actin, and the resulting preparations of filaments were short, variable in diameter, 
and contained many nonfilamentous particles. Although the results of these other 
investigators, taken in combination, indicate that desmin is a component of the 
intermediate filaments, the heterogeneity of the preparations used and the varied 
appearance of the synthetic filaments formed from these preparations makes it 
difficult to determine if intermediate filaments are composed only of desmin, or 
if other components are necessary for filament formation. In contrast to these 
results, the results of my investigations demonstrate that chromatographically 
purified desmin is capable of reversibly assembling into 10-nm filaments that are 
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similar in morphology to native intermediate filaments, thus providing the first 
clear evidence that desmin Is the major, if not the only, structural protein of 
smootfj muscle intermediate filaments. Furthermore, chromatographic purification 
of desmin provides a simple, well-defined, in vitro system for the study of the 
self-assembly and structure of the filaments formed from purified desmin. 
As discussed previously, a longitudinal substructure could be seen by electron 
microscope observations of negatively stained preparations of both native inter­
mediate filaments and synthetic filaments formed under optimal conditions from 
purified desmin. These observations suggest that the 10-nm filaments are com­
posed of a number of 20- to 25-A diameter pro to filaments. Examination of the 
low speed supernatant of a sample of filaments formed from purified desmin by 
dialysis against 10 mM imidazole-HCl, pH 7.0, conditions under which only 
short (< 1 ^ m) filaments were formed, revealed the presence of a number of 
filamentous particles having a diameter of 20 to 25 This value is similar to 
that obtained for the width of the substructure noticed In the 10-nm filaments. 
In several instances, loose bundles of these protofilaments could be seen in which 
the protofilaments appeared to be in the process of assembling Into a helical 
array. When this supernatant was allowed to stand for several hours, longer 
filaments were formed and the supernatant took on an appearance identical to the 
original sample prior to centrifugation. These observations suggest that an 
equilibrium was established between protofilaments and fully assembled filaments 
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under these solvent conditions and offer additional evidence that 10-nm filaments 
are composed of a helical arrangement of 20- to 25-Â diameter protofilaments. 
Borii individual protofi laments and partially assembled filaments could be seen in 
many of the samples of filaments formed under conditions that were less than 
optimal for filament formation. Small globular particles, approximately 15 nm 
in diameter, were also seen in these samples. The relationship of these particles 
to the protofilaments and filaments is unknown. It is possible that these globular 
particles are denatured desmin. Studies done in this laboratory on the disassembly 
of the synthetic filaments formed from purified desmin at pH 7.0 in the presence of 
either 150 mM NaCl or 1 mM MgClg (Dr. M. H. Stromer, Iowa State University, 
Ames, Iowa, personal communication) demonstrated that exposure of the filaments 
to 1 or 2 M urea or to 8 mM Tris-acetate, pH 8.2, resulted in the appearance of 
shorter filaments, some of which appeared to be frayed into pro to filaments, as 
well as many individual pro to filaments. These studies also suggest that the 
10-nm filaments are composed of protofi laments and, again, demonstrate 
reversibility of the self-assembly of desmin. 
in several of the samples examined herein in which protofi laments were 
seen, many of the protofi laments appeared to be about 50 nm in length. Although 
these particles are probably too large to be composed of a single 55,000-dalton 
subunit, it is not known if they represent the soluble form of desmin, i.e. the 
monomer that is present under conditions where the protein is soluble (10 mM 
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Trîs-acetate, pH 8.5). No attempts were made in this investigation to determine 
the molecular weight of the monomer, but rather efforts were directed toward the 
study of filament formation inasmuch as it was important to demonstrate that the 
protein was capable of forming filaments in order to demonstrate thot desmin was 
in fact, a subunit of the intermediate filaments and that desmin was not irreversibly 
denatured by extraction and chromatography in urea. The solubility properties of 
desmin olso make determination of the molecular weight somewhat more difficult 
than determination of the molecular weight of proteins having more normal 
solubility properties. 
Turbidity measurements were also used in this study to examine self-assembly 
of filaments formed in 150 mM NaCl, 10 mM imidazole, pH 7.0. These measure­
ments are based on the assumption that the length of the filaments is much longer 
than the wavelength of light used for measurement. This appears to be a reason­
able assumption, based on electron microscope examination of the filaments 
formed under these conditions. Under such conditions, the turbidity of the solution 
is proportional to the total weight concentration of scattering particles, i.e. to the 
total concentration of monomers contained in polymers, and is independent of the 
length distribution (Berne, 1974). A plot of the final turbidity attained after 6 hr 
against the concentration of desmin resulted in a straight line that did not pass 
through the origin. The concentration at which the turbidity remains the same 
as the turbidity of unpolymerized protein is the critical concentration. Below 
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this concentration, no filaments are farmed, in accordance with the theory of 
Oosawa and Kasai (1962) for helical aggregation of proteins. The critical 
concentration for the self-assembly of desmin under these conditions was 55^g/ml, 
Some error in this value might be expected due to variability in the lengths of the 
filaments (some filaments may be short enough that the length may be important) 
and to aggregation of the filaments. However, this value should provide a 
reference point for later experiments on the effects of various solutions on self-
assembly of desmin. Similar turbidometric measurements have been used 
successfully to examine the self-assembly of tubulin (Gaskin et al., 1974) and 
epidermal keratin filaments (Steinert et al., 1976). 
According to the theory of Oosawa and Kasai (1962), the existence of a 
critical concentration is characteristic of self-initiated helical or tubular 
polymerization mechanisms and is a result of a relatively slow or thermodynamically 
unfavorable initiation process In which the formation of initiation sites is slow 
compared to the elongation of the polymer. Such a slow initiation step should be 
seen as a lag period prior to the rapid rise in turbidity resulting from elongation. 
Such a lag period was observed by Gaskin et al. (1974) for tubulin polymerization 
and by Steinert et al. (1976) for assembly of epidermal keratin filaments. The lack 
of a measurable lag period for the self-assembly of desmin filaments suggests that 
the initiation sites may have been present prior to addition of the polymerization 
buffer. This in turn implies that the number of monomers involved in initiation is 
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small, as large aggregates would have been removed by centrifugation of the 
sample at 183,000 x g^ox ^ hr prior to the turbidity measurements. The 
exact number of molecules needed for initiation is unknown. Determination of 
this number awaits further studies on the molecular weights of tfie species in 
solution. 
Measurement of the circular dichroism spectra of unpolymerized o'esmin 
demonstrated that the molecule contained approximately 45% ct-helix. On 
the basis of the X-ray diffraction pattern obtained from the filaments formed 
from purified desmin, this c^-helix is arranged in a coiled-coil conformation 
characteristic of a type proteins of the k-m-e-f class. These proteins are 
characterized by the presence of a meridional reflection near 5,15 Â, as 
opposed to the 5.4 A off-meridional reflection seen for normal (%-helical 
proteins and synthetic polypeptides. This change in the observed reflection 
is due to the supercoiling of two or three u-helical polypeptide chains into a 
coiled-coil structure (Crick, 1952; Pauling and Corey, 1953). Such conformations 
have been described for a number of fibrous proteins that serve either entirely or 
partially in structural roles» Two chain coiled-coil structures have been identified 
in myosin (Lowey and Cohen, 1962), poramyosin (Cohen and Holmes, 1963) and 
tropomyosin (Sodek et al., 1972), and three chain coiled-coils have been 
identified in fibrinogen (Doolittle et al., 1978), the microfibrils of mammalian 
hard keratin (Fraser and MacRae, 1973), and in epidermal keratin filaments 
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(Steinert, 1978). Although the X-ray diffraction data obtained in this investi­
gation demonstrate that the a-helical regions of desmin filaments are arranged 
in a coiled-coil conformation, it remains to be determined whether the coiled-
coils consist of two or three chains and if the a-helix is present in a single, 
continuous region, or if It is interrupted by non-helical regions. 
On the basis of a large number of recent studies, it now appears that all 
animal cells contain a class of cytoplasmic filaments morphologically similar to 
smooth muscle intermediate filaments. On the basis of subunit molecular weight, 
immunological cross-reactivity, peptide mapping, and isoelectric focusing studies 
(Davison etal., 1977; Fellini eta!., 1978b; Franke et al., 1978b; Lazarides and 
Balzer, 1978), five different classes of intermediate filaments have been identified 
in different cell types. These classes are: muscle intermediate filaments, inter­
mediate filaments in mesenchymally-derived cells (fibroblasts); tonofilaments 
and epidermal keratin filaments characteristic of epithelia-derived cells, glial 
filament^ and neurofilaments. Recently, the filaments of BHK-21 cells (cultured 
fibroblasts) and epidermal keratin filaments have been shown to be structurally 
similar, based on similar morphologies, similar a-helix contents (40-44%) and 
the fact that reconstituted filaments from both cell types give similar X-ray 
diffraction patterns that are characteristic of coiled-coil, type proteins 
(Steinert et al., 1978). The results of my investigations show that desmin filaments 
also contain approximately 45% (x-helix, give an a type X-ray diffraction 
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pattern, and are, thus, similar in structure to the fibroblast-type filaments and the 
epidermal keratin filaments. The amino acid composition of the BHK-21 filament 
protein, which is a mixture of subunits of molecular weights 54,000 and 55,000 
(Starger et al., 1978), also is similar to the amino acid composition of turkey 
gizzard desmin. Epidermal keratin filaments consist of a mixture of polypeptides 
in the molecular weight range of 40,000-60,000 (Steinert and Idler, 1975) and 
are less similar in amino acid composition to gizzard desmin. Glial filament 
protein, GFAP, which has a molecular weight of 54,000, also has an amino 
acid composition similar to that of desmin (Dahl, 1976) and has a circular 
dichroism spectra characteristic of an a~helical polypeptide (Huston and 
Bignami, 1977). A percent a-helix has not been calculated for GFAP and no 
X-ray diffraction studies have been reported on this intermediate filament 
protein. On the basis of these comparisons and the overall morphological 
similarities that exist among the filaments, it appears that the filaments from 
these four classes of intermediate filaments are structurally fairly similar. The 
protein subunits, however, appear to be different gene products, possibly 
differentiated sufficiently to perform specialized functions in each of these 
cell types. Axoplasm of the marine worm Myxicola, which contains large 
numbers of intermediate filaments, also gives an a type X-ray diffraction 
pattern. However, Myxicola neurofilaments are composed of peptides of 
molecular weight 152,000 and 160,000 (Gilbert et al., 1975) and mammalian 
neurofilaments are composed of peptides of molecular weight 200,000, 145,000, 
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and 68,000 (Hoffman and Lasek, 1975). This large difference in the protein compo­
sition of the neurofilaments (both vertebrate and invertebrate) in comparison with the 
other intermediate filament types just described makes it difficult to draw a structural 
or functional analogy between neurofilaments and other intermediate-sized filaments. 
Steinert (1978) has recently shown that the basic subunit of epidermal keratin 
filaments consists of a three chain unit containing three polypeptides in the molecular 
weight range 40,000 to 60,000, aligned side by side. This unit contains two regions 
of CK-helical coiled-coil interspersed with regions of nonhelix. The isolated 
subunits of epidermal keratin filaments are soluble only in 8 M urea or in SDS. 
Removal of the dénaturants at low ionic strengths results in the formation of fila­
ments. Brief proteolytic digestion cleaves a nonhelical region from each of the 
ends, resulting in a soluble fragment that contains two tt-helical regions separated 
by a centrally located nonhelical region and contains three polypeptide chains 
of molecular weight about 36,000. This fragment has dimensions of 20 x 400 A 
and a sedimentation coefficient of 4.6 S. Further digestion cleaves this particle 
in the center and results in two highly u-helical fragments each containing three 
polypeptides of molecular weight about 14,000. Because of the structural 
similarities described earlier between epidermal keratin filaments and desmin 
filaments as based on similar a-helix contents, similar X-ray diffraction patterns, 
and similar filament morphologies, it is interesting to speculate that the molec­
ular structures of these two filaments may be analogous. It has been shown 
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în this laboratory that proteolytic digestion of purified desmin from chicken gizzard 
and from porcine stomach and skeletal muscles results in a major proteolytic frag­
ment having a molecular weight of about 30,000 (O'Shea et al., 1979). Additional 
digestion results in accumulation of a major proteolytic fragment having a molecular 
weight of about 14,000. These molecular weights are similar to the subunit 
molecular weights obtained by Steinert (1978) for the proteolytic fragments 
derived from his epidermal keratin filaments. If the structures of the two types of 
filaments are similar, one can predict that the monomeric unit of desmin is a 
three-chain molecule, with a molecular weight of 165,000, a diameter of 20 Â, 
and a length slightly longer than 400 A. Interestingly, a number of the proto-
filaments described in this investigation in partially assembled samples of desmin 
have dimensions of about 20 x 400 to 500 
On the basis of the previous analogy, one can predict that each proto-
filament of the intact 10-nm desmin filament consists of three chain, 165,000-
dalton units that are aligned end-to-end. This structure could also be viewed as 
a helical aggregate consisting of 165,000 da I ton subunits. Verification of this 
hypothetical structure for desmin filaments will require determination of (he 
molecular weight of soluble desmin, isolation and characterization of the 
proteolytic fragments of desmin, and determination of the number of protofilaments 
in each filament, possibly by optical diffraction analysis of electron micrographs. 
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As a part of these investigations/ a specific rabbit antibody prepared against 
electrophoretically purified desmin was used to localize desmin in chicken smooth, 
cardiac and skeletal muscles. In cryostat sections of chicken gizzard, desmin was 
localized in a branched network of filaments extending throughout the length of 
the cell. In cross section, radially-oriented fluorescent filaments appeared to 
extend from the area surrounding the nucleus to the cell periphery. The overall 
structure of the intermediate filament network is consistent with their probable 
cytoskeletal function in smooth muscle cells as suggesterl h) Cooke (1976) and 
Small and Sobieszek (1977a). This network presumably serves to tie the contractile 
elements in the cell together, but the resolution of this technique does not provide 
any specific information about the possible interactions between the intermediate 
filaments and the contractile apparatus. In skeletal and cardiac muscles, desmin 
is located at the level of rfie Z line, and is seen primarily as a series of bright, 
fluorescent spots located between the Z I ines of adjacent myofibrils. In cardiac 
muscle, desmin is also located in the intercalated disc. Thus, the localization 
studies indicate that in skeletal and cardiac muscles desmin may serve to connect 
adjacent myofibrils together at their Z lines, in agreement with the work of 
Lozorides and co-workers (Lazarides and Hubbard, 1976; Lazarides and Balzer, 
1978). This function is consistent with the cytoskeletal function of intermediate 
filaments in smooth muscle. Although these results demonstrate that desmin is 
present in skeletal muscle, the exact in vivo form of skeletal muscle desmin is 
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unknown because intermediate filaments have not been identified in electron 
micrographs of mature mammalian skeletal muscle. Desmin has, however, been 
isolated from mature mammalian skeletal muscle (O'Shea et ol., 1978) and this 
skeletal desmin has been shown to be similar to mammalian and avian smooth 
muscle desmins (O'Shea et al., 1979). 
Because the immunofluorescence studies demonstrated that desmin was located 
in or near the Z lines of striated muscles, and because results described in this 
study and the results of other investigators (Ashton et al., 1975; Cooke, 1976) 
demonstrated that intermediate filaments were associated with smooth muscle 
dense bodies, studies were done to examine possible interactions of desmin with 
a limited number of other proteins located in skeletal muscle Z lines and smooth 
muscle dense bodies. The results of studies on the interaction of desmin with 
a-actinin or tropomyosin indicated that, under the conditions used, neither of 
these proteins binds to desmin to any significant extent. Less than 2% of the 
c^-actinin added was sedimented with the desmin filaments, and less than 3% 
of the tropomyosin added was sedimented with desmin. Due to the length of the 
desmin filaments. It is conceivable that a small amount of another protein could 
bind only at the ends of the filaments and that this small amount of bound protein 
would remain essentially undetected in this assay. On the other hand, these 
results are consistent with observations that desmin is located primarily at the 
periphery of the Z lines of skeletal muscle while a:-actir.in and tropomyosin are 
208 
supposedly located within the Z lines (Granger end Lazarides, 1978) and with the 
observation that intermediate filaments in smooth muscle surround, but do not enter, 
dense bodies (Ashton etal./ 1975), 
It is also possible that actin may interact with desmin. Significant amounts 
of actin remain insoluble, along with the desmin, after extensive extraction to 
remove actomyosin from smooth muscle homogenates. Based on the results of 
two-dimensional electrophoresis experiments, Izant and Lazarides (1977) suggested 
that the ^-actin variant, which makes up about 15% of the total actin in gizzard, 
was the variant extracted in their 0.6 M KCl-actomyosin extracts, and, thus, was 
the contractile form of actin. These investigators also suggested that the majority 
of the y-actin remained insoluble along with the desmin and was, thus, a 
cytoplasmic or structural form of actin. It seems unlikely, however, that 
/S-actin, which makes up only 15% of total cellular actin, is the major contractile 
form of actin in smooth muscle. In my studies, two-dimensional gel electrophoresis 
of the ATP extracts obtained during preparation of crude intermediate filaments 
demonstrated that this actomyosin contained primarily y-actin, and that the actin 
that remained insoluble was also primarily y-octin. The reason why Izant and 
Lazarides (1977) found jg-actin as the major variant present in gizzard actomyosin 
extracts is not clear, but careful evaluation of their results suggests that they may 
have made a technical error in the identification of the variants. They did not use 
standards as was done in this study. The fact that some of the actin is very hard to 
remove by typical actomyosin or actin solvents remains on enigma, and cannot be 
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explained simply by a difference in actin variants. Perhaps it may be due to the 
binding of actin to the dense bodies, which also remain insoluble during this 
extraction procedure. 
Recently, Hubbard and Lazarides (1979) have suggested a direct interaction 
of actin with desmin that is based upon the facts that a small amount of actin 
copurifies with the desmin during extraction in acetic acid and in repeated 
solubilization-precipitation cycles in acetic acid and that this mixture of actin 
and desmin is capable of forming 10-nm filaments in vitro. However, actin is 
rapidly denatured in the absence of nucleotide (Strzelecka-Golaszewska et al., 
1974; Suzuki et al., 1973) and, thus, the actin present in acetic acid extracts 
is probably denatured. If so, the results of their copolymerization experiments 
are meaningless. 
The experiments done as a part of my investigations to determine the 
interaction of actin with desmin demonstrated that mixtures of purified actin 
and purified desmin polymerize into two types of filaments, corresponding in 
appearance to actin and desmin filaments, and that if on interaction exists 
between these two proteins, it is relatively weak or nonspecific in nature. 
The variability in the diameter of the desmin filaments seen in filaments formed 
from mixtures of these two proteins, however, made it impossible to rule out an 
interaction between desmin and actin. Because purified desmin that is completely 
free of actin can form 10-nm filaments that are similar to native intermediate 
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filaments, it seems unlikely that actin is a major structural component of 
intermediate filaments. 
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SUMMARY AND CONCLUSIONS 
Prior to ff.e initiation of this study, little was known about the protein 
composition of intermediate filaments. My preliminary observations indicated 
that a 55,000-dalton protein was at least one of the constituents of intermediate 
filaments, in agreement with the results of a number of other investigators. This 
study was then directed towards isolation of this 55,000-dalton protein, named 
desmin, and towards examination of the properties of the purified protein and the 
filaments formed from the purified protein by use of biochemical and ultra-
structural techniques. The specific objectives of this study were: 1) development 
of a reproducible procedure for purification of desmin, 2) examination of a 
limited number of tfie biochemical properties of desmin, 3) determination of the 
conditions necessary for self-assembly of purified desmin into synthetic 10-nm 
filaments, 4) examination of the structure of the synthetic filaments, primarily 
by electron microscopy and, to a lesser extent, by circular dichroism and X-ray 
diffraction, 5) immunofluorescent localization of desmin in chicken smooth, cardiac, 
and skeletal muscle; and 6) examination of the interaction of desmin with the 
myofibrillar proteins a-octinin, tropomyosin, and actin. 
As an initial step in the purification of desmin, crude preparations containing 
native intermediate filaments were made from turkey gizzard by: 1) preoaration of 
well-washed gizzard myofibrils; 2) extraction of actomyosin from the myofibrils 
with a low ionic strength solution containing 10 mM ATP, and 3) additional 
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extraction of the resulting residue with 0.6 M KCl, 20 mM Tris-HCl/ pH 7.6. 
The final crude intermediate filament preparation was enriched both in 10-nm 
diameter filaments, as determined by electron microscopy, and in desmin, as 
determined by SDS-gel electrophoresis. Electron microscopy also revealed the 
presence of dense bodies in association with the intermediate filaments, and 
also some membrane contamination and insoluble collagen. Desmin could not 
be extracted from these preparations by high ionic strength solutions, but could 
be partially extracted, over a period of several days, by very low ionic strength 
solutions above pH 8.0. Because increasing the ionic strength of low ionic 
strength extracts obtained at pH 8.5 decreased the solubility of the desmin, 
attempts to purify desmin from such low ionic strength extracts were not 
successful. 
The limited solubility of desmin necessitated the use of solutions containing 
6 M urea for extraction and chromatographic purification. Urea extracts of crude 
intermediate filament preparations were obtained by overnight extraction with 
6 M urea, 5 mM EDTA, 0.1% MCE and 10 mM sodium phosphate, pH 7.5. The 
majority of the actin contamination in the urea extracts was removed by 
hydroxylapatite chromatography, run in the presence of 6 M urea. High molecular 
weight contaminants and remaining actin were removed from the hydroxylapatite-
purified desmin either by gel filtration on Sepharose CL-4B in 8 M urea, or by 
ion exchange chromatography in 6 M urea. Ion exchange chromatography on 
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DEAE-Sepharose CL-6B was used in the majority of the later preparations because 
this procedure gave both higher yields and more homogeneous desmin. The 
desmin remained soluble after removal of the urea by extensive dialysis against 
10 mM Tris-acetate, pH 8.5. Densitometry of SDS-gels of purified desmin, run 
by the method of Weber and Osbom (1969), demonstrated that over 95% of the 
protein migrated at a molecular weight of 55,000, corresponding to desmin. 
Three or four minor contaminants in the molecular weight range of 100,000-
130,000 mode up less than 1% of the total protein. Less than three percent of 
the protein migrated at a molecular weight of 48,000, corresponding to a 
proteolytic breakdown product of desmin. The purified desmin also migrated primar­
ily as a single band, with only a small amount of proteolytic breakdown product 
visible, on SDS-gels run using the discontinuous Tris-glycine buffer system of 
Laemmli (1970), Tubulin, which is separated into the ttand jS subunits on this 
gel system, did not comigrate with desmin. On two-dimensional gels (isoelectric-
focusing/SDS-electrophoresis), the purified desmin migrated as two protein spots, 
corresponding to a and ^ isoelectric variants of desmin. The relative proportions 
of the two variants were the same in all steps of the purification procedure. The 
yield of purified desmin averaged 150 mg from 100 g of gizzard. Desmin makes 
up 5% of the total protein in gizzard, as determined by quantitative densitometry 
of SDS-gels. Based on this value, a recovery of 20% was achieved by the 
extraction/purification procedure. 
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A limited examination of the biochemical properties of desmin demonstrated 
that Hie protein has a subunit molecular weight of 55,000, an of 5.57, 
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and isoelectric points of 5.43 and 5.48 for the a- and ^ -variants, respectively. 
Carbohydrate analysis showed that desmin contained less than 0.3% carbohydrate. 
The purified protein, in 10 mM Tris-acetate, pH 8.5, sediments as a single boundary 
in the analytical ultracentrifuge. Desmin contains large amounts of acidic amino 
acids, especially glutamic acid, and relatively small amounts of cysteine, trypto­
phan and proline, as shown by amino acid analysis. 
Purified desmin reversibly assembled into 10-nm filaments after lowering the 
pH or increasing the ionic strength. Separate experiments were done to examine 
the effect of pH on filament formation and to examine the effects of either ionic 
strength or MgCl2 concentration on filament formation. The optimum pH for 
filament formation was in the range 6.5-7.5. In this pH range, short 10-nm 
filaments, about 0.5^m in length were formed at low ionic strength. Below 
pH 6.5, the protein formed large filamentous aggregates that precipitated from 
solution. Increasing the ionic strength increased the length of the filaments 
formed and also caused some aggregation of the filaments. Magnesium ions 
had the same effect at much lower concentrations. At pH 7, optimum conditions 
for filament formation were obtained at either ionic strengths (due to monovalent 
salts) of 0.13-0.16 or MgCl2 concentrations of 5-10 mM. Turbidometric 
measurements gave a critical concentration of 55(ig/m\ for the self-assembly 
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of desmin filaments at pH 7.0 in the presence of 150 mM NaCl. 
Electron microscope observations of filaments formed under optimal 
conditions, primarily in 150 mM NaCl at pH 7.0, showed that the synthetic 
filaments were similar in morphology to the native filaments in crude intermediate 
filament preparations. The diameter of the synthetic filaments (10.6 nm) was 
slightly larger than the diameter of the native filaments (10.1 nm) and also 
somewhat more variable. Both native and synthetic filaments appear to be 
composed of several 20- to 25-Â diameter pro to filaments. Profofilaments, 
20 to 25 1 in diameter, were seen in a number of samples of synthetic filaments 
formed at both pH 7.0 or pH 8.5 at salt concentrations that were less than 
optimal for filament formation. In many cases, these protofilaments appeared 
to be in the process of assembling into filaments, providing additional evidence 
that the 10-nm filaments are composed of a number of pro to filaments. 
The circular dichroism spectrum of the soluble desmin was typical of an 
a-helîcal protein and indicated that the desmin contains about 45% a"helix. 
Changes seen in iiie intensity of the negative extrema of the CD spectra after 
assembly of the desmin were consistent with lateral aggregation of the soluble 
protein. X-ray diffraction patterns obtained from dried samples of filaments 
oriented normal to the X-ray beam showed equatorial spots at 9.8 X and 
meridional arcs at 5.17 This pattern is characteristic of fibrous proteins of 
the k-m-e-f class of cc type proteins and indicates that the ^-helical regions of 
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desmin are arranged in a coiled-coil conformation when the protein is assembled 
into filaments. 
Desmin that had been purified by chromatography and preparative electro­
phoresis was used to produce specific rabbit anti-desmin antibodies. Indirect 
immunofluorescence microscopy, using the anti-desmin antibodies, was used to 
visualize the intermediate filament network in chicken gizzard smooth muscle 
cells and to localize desmin in chicken cardiac and skeletal muscle myofibrils. In 
cardiac muscle, fluorescence was seen in the intercalated disc and at the level 
of the Z lines, primarily as a series of spots located in the areas between adjacent 
myofibrils. Some longitudinal fluorescent fibers running between the myofibrils 
were also seen. In skeletal muscle, the fluorescence was also seen at the level 
of the Z lines, again primarily as a series of spots at the (unction of the Z lines 
of adjacent myofibrils. 
The possible interactions of desmin with cK-actinin and tropomyosin were 
examined by polymerizing desmin in the presence of either tt-actinin or tropomyosin 
and determining if any of the a-actinin or tropomyosin was pelleted with the desmin 
filaments. Results of experiments done in 150 mM NaCi, 20 mM imidazole-HCl, 
pH 7.0, at4°C gave no evidence for an interaction between c^-actinin or 
tropomyosin with desmin. No interaction of desmin with Q^-actinin was seen at 
25° C. The interaction of actin with desmin was also examined by mixing G-actin 
with desmin and adding polymerization buffer. Two populations of filaments were 
formed in these mixtures, corresponding to actin filaments and desmin filaments. 
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These populations of filaments could be partially separated by differential 
sedimentation at 17,000 x 9max min, F-actin remained in the supernatant, 
and this amount of actin was measured to determine if any actin was bound to the 
pelleted desmin filaments. Results of this experiment indicated that. If actin was 
bound to desmin, the binding was weak or nonspecific in nature. 
Some of the more interesting conclusions that follow from the results of this 
investigation are: 
1. Desmin can be purified, free of actin, by extraction of crude inter­
mediate filament preparations with 6 M urea and subsequent chromatography on 
hydroxylapatite and DEAE-Sepharose CL-6B columns run in the presence of urea. 
This protein preparation is more than 95% desmin as judged by densitometry of 
SDS-polyacrylamide gels. Desmin prepared by this procedure is more homogeneous 
than desmin prepared by acetic acid extraction of crude intermediate filaments. 
2. Purified desmin contains two isoelectric variants, a. and with the 
majority of the protein present as the ^-variant. Relative proportions of 
and ^-desminsin the purified protein are similar to those in the original muscle. 
No significant modifications affecting the charge of the molecule occur during 
exposure of the protein to urea during solubilization and purification. 
3. Purified desmin, which is soluble in 10 mM Tris-ocetate, pH 8.5, is 
capable of self-assembling in vitro into 10-nm filaments, similar in morphology to 
native filaments, after lowering the pH or increasing the ionic strength. 
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4. Optimum conditions for in vitro filament formation from purified desmin 
ore at pH 7.0 with either monovalent salt concentrations of 120-150 mhA or MgCl2 
concentrations of 5-10 mM. Filaments formed at pH 7,0 in the presence of 
150 mM NaCl had on average diameter of 10.6 nm^ which is similar to the 
diameter of native intermediate filaments (10.1 nm), and lengths of up to several 
^m, 
5. Desmin is the major, if not the only, structural protein component of 
smooth muscle intermediate filaments, based upon the observation that desmin, 
in the absence of octin or other significant amounts of other contaminants, is 
capable of assembling into filaments similar in morphology to native filaments at 
near physiological conditions of pH and ionic strength. 
6. Both native intermediate filaments and synthetic intermediate filaments 
are composed of longitudinally oriented protofilaments, 20 to 25 1 in diameter. 
The evidence offered by the visible substructure of filaments seen in the electron 
microscope is supported by the presence of protofilaments and partially assembled 
filaments in samples of filaments formed under less than optimal conditions. 
7. Desmin is a member of the k-m-e-f class of fibrous, c^-helical proteins 
based on the characteristic X-ray diffraction pattern obtained from synthetic desmin 
filaments. 
8. Smooth muscle intermediate filaments share some structural similarities 
with fibroblast-type intermediate filaments and epidermal keratin filaments. This 
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conclusion is based on tfie similar morphologies of the filaments, similar ct-helix 
contents of the component proteins (40-45%), roughly similar amino acid compo­
sitions, and similar X-ray diffraction patterns obtained from reconstituted filaments. 
9. Desmin is located not only in smooth muscle intermediate filaments, 
but also at the Z lines of skeletal muscles and at the Z lines and intercalated 
discs of cardiac muscles. The immunofluorescent localization results are consistent 
with the possible function of desmin in linking the contractile apparatus in muscle 
cells into the muscle cell cytoskeleton. 
10. Desmin filaments do not bind significant amounts of g%-actinin or 
tropomyosin. Less than 2% of rine total (%-actInin added and less than 3% of tfie 
total tropomyosin added was co-sedimented with desmin filaments in 150 mM 
NaCi, 20 mM imidczole-HCl, pH 7.0, at 4°C. 
11. Purified G-actin and purified soluble desmin, when mixed and poly­
merized, form F-actin filaments and desmin filaments rather than one co-polymer, 
if octin binds to desmin, the Interaction Is weak or nonspecific under the 
conditions tested. 
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